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SUMMARY   
Bottlenecks exist in raising wheat yield, which are associated with the constriction of 
available genetic diversity in the modern wheat gene pool and difficulties in improving 
photosynthesis during the growing season. Using a range of phenotyping techniques 
including portable infrared gas analysers, a collection of field grown progenitor wheat 
species and modern wheat varieties were screened for traits linked to the supply and 
demand components of flag leaf photosynthesis.  
Two Triticum dicoccoides (AABB) individuals had high rates of flag leaf photosynthesis, 
driven by enhanced characteristics that facilitated the supply of CO2 to the sites of 
carboxylation, including high stomatal and mesophyll conductance. Progeny formed 
through tetraploid and hexaploid crossing carried introgressions from these T. 
dicoccoides and were screened in a subsequent field trial. Although per unit CO2 
assimilation was increased in the progeny, flag leaf area was decreased, leading to an 
overall lower CO2 assimilation per flag leaf. The results highlighted the negative trade-
off between flag leaf area and CO2 assimilation rate. Furthermore, a yield penalty was 
observed in the progeny associated with linkage drag from the wild progenitors. The 
progenitor individuals had higher CO2 assimilation per ear than cultivated bread wheat, 
most likely driven by awn presence.  
These findings led to an investigation of how awn presence influences ear and flag leaf 
photosynthesis, and thus overall grain yield, using pairs of awned and unawned Near 
Isogenic Lines derived from Synthetic Hexaploid Wheat (SHW NILs). Results showed 
that while awn presence is linked to increased ear photosynthesis, in some SHW NIL 
pairs there was a trade-off with flag leaf CO2 assimilation. During this field trial, 4 of the 
5 unawned counterparts of each SHW NIL pair had higher grain yield than the awned 
individuals. However, this trend was not consistent over multiple years and locations. A 
genome-wide association study (GWAS) was used to identify Single Nucleotide 
Polymorphisms (SNPs) strongly linked to the presence of awns in a larger panel of SHW.        
Based on these results and examples in literature, theoretical ideotypes were formed for 
targeted environments. To map proxies for ideotype traits, a novel mapping population 
was created from two tetraploid Triticum dicoccum lines. The population was genotyped 
using a high density SNP array and a new genetic linkage map was created. Quantitative 
trait loci were identified and mapped, to aid the introgression of desirable traits from a 
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INTRODUCTION 
Food security, the growing population and wheat production. 
With the exponential growth in the human population, the threat of changing climates and 
finite land available for agricultural expansion, progress in crop breeding over the next 
50 years will be paramount to global food security. Food security is achieved when all 
people have access to adequate nutrition for maintaining a healthy lifestyle  (FAO 1996).  
The global hunger epidemic is rising, in 2016 there were 815 million chronically 
undernourished (FAO 2017). This humanitarian crisis is likely to intensify over the 
coming decades, as global populations rise to 9.1 billion by 2050, with the majority of 
increases in developing countries (Diouf 2009). Global food security rests on a few major 
crops utilised as crucial food sources, of which wheat is one of most valuable and 
productive (Curtis & Halford 2014). Globally, wheat was the second most productive 
crop in 2016 (749.5 million tonnes), behind maize (1060.1 million tonnes) and slightly 
higher than rice (741.0 million tonnes, FAO, www.fao.org/faostat). Wheat was the crop 
grown over most agricultural land (220.1 million ha) and provides 20% of daily protein 
and 18% of daily calorie supply globally. The figures highlight the urgent obligation for 
the wheat breeding and agricultural industries to increase production proportionately to 
the growing population.   
During the 1960s a phenomenon termed the ‘green revolution’ began, involving dramatic 
increases in cereal yields brought about by advances in genetics and agronomy (Figure I, 
Khush 2001). The ‘green revolution’ was responsible for a narrow avoidance of mass 
famine in developing countries (Khush 1995) and provides a first-hand example of how 
plant breeding, genetic improvement and plant physiology, can influence the lives of 
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Figure I - The progression of the total production of wheat (a), wheat yield (b) and area 
of wheat harvested (c) in the current top 5 largest wheat producing countries (with the 
addition of the UK) over the last 6 decades. Graphs were produced using data from the 
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Despite advances in science and technology since the 1960s, yield increases have slowed, 
leading to a second phenomenon termed the ‘yield plateau’. There has been a substantial 
decrease in yield gain in the regions that account for 31% of the global wheat, rice and 
maize supplies; in particular severe plateaus have been observed in wheat production in 
northwest Europe and rice production in Eastern Asia (Grassini et al. 2013).  Wheat yields 
in the UK since 1961 provide a suitable example of both the yield increases associated 
with the ‘green revolution’ and the stagnation connected with the ‘yield plateau’ (Figure 
I). For instance, between 1961 and 2000 wheat yield in the UK increased by 126%, but 
between 2000 and 2016 yield has actually decreased by 1% (FAO, www.fao.org/faostat). 
There was a 1.4% decrease estimated in global wheat production from 2017 to 2018 (FAO 
2018a), therefore, the ‘yield plateau’ is currently a worrying concern, but as projections 
of yield advancement in several major crops are insufficient to keep up with the projected 
global population growth, the yield plateau becomes alarming.  
Global demands for crop protein and calories are predicted to increase by around 110% 
and 100%, respectively, between 2005 and 2050 (Tilman et al. 2011). Furthermore, the 
demand for the coarse grains used in biofuels is also on the rise (Diouf 2009), adding 
further pressure for the increased production of main cereals. Ray et al. (2013) calculated 
that global wheat yields are only increasing at a rate of 0.9% per year, whereas an increase 
of 2.4% is required to meet the proposed projections. These projections suggest that if 
significant yield gains are not achieved over the coming decades, there could be 
insufficient production to meet demand. Regardless of the projections, even this year the 
production of wheat globally is forecasted  to be short of the required demand (FAO 
2018b) and as the population increases the situation will undoubtedly worsen.  Ultimately, 
a second, more sustainable ‘green revolution’ is required to ensure future food security 
(Beddington 2010). As it did during the first green revolution, the responsibility to 
increase yields to feed a hungry world rests on the shoulders of plant breeders.     
Yield potential, photosynthesis and the diversity bottleneck.   
The genetic yield potential of a crop reflects the yield of a cultivar grown under optimum 
conditions in the absence of stress (Evans & Fisher 1999). Following Reynolds et al. 
(2009), yield potential can be simplified to:  
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Where yield potential is the product of light interception (LI), radiation use efficiency 
(RUE) and harvest index (HI).Therefore, breeding targets to increase yield potential can 
focus on increasing these defining components. Past advances in yield potential, observed 
during the green revolution, were associated with increases in the proportion of grain 
yield to biomass, termed HI (Austin et al. 1980). In wheat, the introduction of semi-
dwarfing genes from a Japanese wheat called ‘Norin 10’ contributed to the large increases 
in yield potential observed during the ‘green revolution’ (Borlaug 1968). These semi-
dwarf varieties revolutionised wheat breeding by elevating HI, due to an increase in grain 
yield caused by reduced straw biomass (Milach & Federizzi 2001). However, HI in wheat 
and rice is now close to optimisation and future advancements via this avenue are unlikely 
(Long et al. 2006; Parry et al. 2011; Richards 2000). Improvements in LI have been driven 
by genetic selection, conventional breeding and improved agronomy, which has led to 
increased light capture and duration of the canopy (Richards 2000). Again, LI is 
approaching theoretical maximum (Long et al. 2006), as leaf area per unit ground cover 
is already high in most crops and canopies can be fully saturated by irradiance (Horton 
2000).  
Improvements in RUE may be the most profitable avenue for raising yield potential (Long 
et al. 2006; Murchie et al. 2009; Parry et al. 2011; Reynolds et al. 2009, 2011, 2012; 
Richards 2000). RUE is the slope of correlation between dry matter content at harvest and 
total intercepted solar radiation (Murchie et al. 2009). Total dry matter is the product of 
carbohydrates produced over the growing season through photosynthesis (Thorne 1974), 
so selection for photosynthetic improvement in wheat is a viable route for increasing yield 
potential. Ultimately, RUE is determined by the absolute photosynthetic rate of the crop 
canopy, minus respiratory losses (Long et al. 2006). Targets for improvements in RUE 
have been identified, including improving the efficiency of light capture and use (Horton 
2000) and optimising downstream photosynthetic enzyme activity (Parry et al. 2011). In 
C3 plants, the observed RUE potential is 70% of the theoretical maximum (Long et al. 
2006), suggesting ample room for improvements.  A strong argument that improvements 
in RUE will have a direct positive influence on yield potential in wheat is provided by 
CO2 enrichment studies. Under artificially elevated CO2, higher leaf photosynthesis is 
observed (Mitchell et al. 1999; Thilakarathne et al. 2013), caused by increased CO2 at the 
sites of carboxylation and inhibition of counterproductive oxygenation by photosynthetic 
enzymes (Drake et al. 1997). The higher CO2 fixation has been linked to increased yield 
and biomass (Bender et al. 1999; Thilakarathne et al. 2013). If variation in RUE exists in 
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the genepool of wheat, selection could be implemented in breeding programs to target 
improvements.   
During the green revolution, increases in yield potential were achieved by the 
incorporation of genetic diversity into the wheat genepool, which is still a conceivable 
avenue for future advances (Evans & Fisher 1999). However, there is a genetic diversity 
bottleneck in modern wheat varieties (Figure II). During the domestication of wheat the 
continued selection and propagation of lines which possessed favourable alleles narrowed 
the genepool; this constriction was tightened further via continuous breeding between 
genetically similar varieties (Tanksley & McCouch 1997). This diversity bottleneck 
limits potential trait and yield improvements when breeding within the existing bread 
wheat genepool. Furthermore, an earlier genetic bottleneck was created during the chance 
hybridisation events between the tetraploid and diploid progenitors which formed the 
modern wheat we grow today and would have only captured a small proportion of the 
diversity available from those genepools (Lopes et al. 2015).  
 
Figure II - A schematic showing the genetic diversity bottlenecks caused by the domestication of 
wheat from the primary genepool, where the most varied colours represent the greatest diversity 
present. The first bottleneck (1.) reflects the constriction of available diversity in the primary gene 
pool caused by the chance hybridisation of only a few representatives of that pool. The second 
bottleneck (2.) shows a second constriction of genetic diversity, caused by the continued 
propagation of only a few representatives of the founding population due to the possession of 
favourable characteristics.       
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The origin, domestication and progenitors of bread wheat.  
Modern wheat grown today mainly belongs to two species: the hexaploid Triticum 
aestivum (2n, 6x, 42 chromosomes) and the tetraploid Triticum turgidum subspecies 
durum (2n, 4x, 28 chromosomes) commonly known as bread and macaroni wheats 
respectively (Nevo et al. 2002). Bread wheat (T. aestivum) is an allohexaploid, meaning 
it is the product of natural hybridisations of multiple genomes from different homozygous 
species (Cox 1997, Figure III).  
Figure III – Images adapted from International Wheat Genome Sequencing Consortium (IWGSC) 
(2014). a). Photographs of mature ears of Triticum turgidum subspecies: durum wheat (Triticum 
durum), wild emmer (Triticum dicoccoides) and cultivated emmer (Triticum dicoccum). b). A 
schematic showing the hybridisation, and progenitor species, involved in the evolution of 
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The generally acknowledged view is that T. aestivum was formed through a chance 
hybridisation between a cultivated form of the tetraploid wild emmer (Triticum turgidum 
subsp. dicoccoides, AABB) and Aegilops tauschii (DD) the diploid wild goatgrass (Cox 
1997; McFadden & Sears 1946; Petersen et al. 2006). The allotetraploid T. dicoccoides 
(Figure III) originated from a much earlier chance hybridisation of two diploid grasses: 
Triticum urartu (AA, Dvorák et al. 1993) and Aegilops speltoides (BB, Petersen et al. 
2006).  
The discovery of ancient farming villages and the earliest evidence of domesticated crops 
has shown that the Fertile Crescent was the site of wheat domestication and the cradle of 
agriculture (Nesbitt & Samuel 1996). The Fertile Crescent is:  
“a region that spans modern-day Israel, Jordan, Lebanon and western Syria, 
into southeast Turkey and, along the Tigris and Euphrates rivers, into Iraq 
and the western flanks of Iran”(Salamini et al. 2002).  
Domestication took place around 12,000 BP and although diploid wheat was the first 
cultivated, it was subsequently replaced by domesticated forms of T. dicoccoides, 
predominately Triticum turgidum subsp. dicoccum commonly known as emmer wheat 
(Salamini et al. 2002). Although not free-threshing, T. dicoccum was domesticated by 
selection against a brittle rachis to prevent ear shattering (Özkan et al. 2002) and was the 
most important Neolithic crop (Zohary et al. 2000). At some point, pollen transferred 
from the wild Ae. tauchii to emmer wheat grown in fields by early Neolithic farmers (Cox 
1997), which ultimately gave rise to cultivated hexaploid wheat. At the same time, emmer 
wheat was gradually replaced by the free-threshing T. durum wheat (Haudry et al. 2007).  
A small number of genes played important roles in the domestication of wheat, including: 
the brittle rachis (Br) spike gene (Peleg et al. 2011); threshability genes including the 
Qgene (Simons et al. 2006) and the genes linked to the soft glume phenotype (sog, Tg, 
Sood et al. 2009). The continued selection for individuals with these desirable alleles, 
would have contributed to narrowing of the genepool of domesticated wheat. Therefore, 
throughout the existence of T. aestivum there has been a constriction of genetic diversity 
(Cox 1997). Fortunately potential avenues for widening the genepool of modern wheat 
do exist. 
If suitable sources can be identified (Figure IV), the introduction of diversity is the 
obvious solution to the bottlenecks in wheat breeding as it could broaden the genepool 
and provide potential opportunities for substantial gains in yield. The primary gene pool 
Capturing Photosynthetic Traits from the Progenitors of Wheat. 
26  Tally Wright – September 2018 
of wheat includes some species in which direct crossing is easily achieved (Skovmand et 
al. 2001) via  hybridisation and backcrossing methods (Chaudhary et al. 2014). Species 
in this group include landraces of T. durum and T. dicoccum, and wild tetraploids such as 
T. dicoccoides. Species such as Ae. tauschii fall into the category of the secondary gene 
pool: additional techniques are required for direct hybridisation when crossing bread 
wheat with these materials (Skovmand et al. 2001). The tertiary gene pool is comprised 
of related grasses with genomes that are non-homologous to the wheat A, B and D 
genomes, including Rye and other Triticeae (Chaudhary et al. 2014). Lastly are 
completely unrelated species that are only a source of improvement through genetic 
engineering and manipulation, recent advances in technology have provided opportunities 
for incorporating favourable characteristics from a completely different domain (see: Lin 
et al. 2014; Occhialini et al. 2016). The cost and difficulty of incorporating diversity into 
the breeding gene pool, increases in relation to the genetic distance between the donor 
and the primary gene pool.  
 
Figure IV – A schematic showing the potential sources for incorporating diversity into modern wheat 
to make crop improvements. The top of the triangle reflects the current breeding genepool and other 
species in the primary genepool of wheat. Moving down the triangle, the cost and difficulty of 
capturing the diversity increases from the secondary and tertiary gene pool, eventually increasing to 
completely unrelated species.     
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Wild ancestors of the primary genepool have already been tapped for certain traits as a 
genetic resource for modern wheat, in particular for disease resistance. For example, 
diversity has been utilised in breeding for stripe rust resistance (Marais et al. 2005; Peng 
et al. 2000, 2012), powdery mildew resistance (Xie & Nevo 2008) and resistance to 
bleaching caused by Fusarium head blight (Ban & Watanabe 2001). However, as 
Reynolds et al. (2009) highlighted, breeders have focused heavily on incorporating 
disease resistance through wide crossing, but have not explored well the potential 
diversity for physiological trait improvement. Progenitor wheats such as T. dicoccoides 
are typically environmental specialists that are adapted to a broad range of environments 
(Nevo 2014). Therefore, it is unsurprising that wild ancestors are a useful genetic resource 
for improvements in abiotic stress tolerance; in particular drought and salinity tolerance 
(Ergen et al. 2009; Nevo et al. 1992; Peng et al. 2012). The success of modern bread 
wheat cultivars which contain introgressions from T. dicoccoides also highlights the merit 
of the primary genepool as a source of diversity.  Robigus was a very successful Group 3 
bread wheat and is in the pedigree of many recent varieties (Figure V, AHDB 2017; 
HGCA 2013). Robigus is thought to have an unknown T. dicoccoides introgression in its 
pedigree (Gardner et al. 2016; Kumar & Rustgi 2014). The non-glaucous variety 
Shamrock was a Group 1 bread wheat which also contained introgressions from wild 
emmer, although slightly lower yielding than some contemporaries, it possessed 
environmental stability qualities typical of T. dicoccoides (Simmonds et al. 2008). 
Figure V – An advert for the Robigus winter wheat variety that is suspected to contain an 
introgression from the tetraploid progenitor of modern wheat: T. dicoccoides (KWS UK LTD, 
Thriplow, UK). 
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Diversity is also being utilised from the secondary gene pool in the form of Synthetic 
Hexaploid Wheats (SHW). These advancements were made in Mexico in the 1980s where 
durum cultivars were crossed with Ae. tauchii lines to exploit novel diversity of the D 
genome donor (Mujeeb-Kazi et al. 2013). Improvements in yield potential have been 
observed in SHW in comparison to modern hexaploids, highlighting the impact of genetic 
improvement (Li et al. 2014).  
 A number of authors have emphasised that targeting crop photosynthetic improvements 
by the replacement of key enzymes in the Calvin-Benson Cycle (CBC) from alien sources 
could be important for yield improvement (see: Parry et al. 2013, 2011; Sharwood 2017; 
Sharwood et al. 2016). Strategies to improve Rubisco through direct engineering and 
manipulation are underway, although development is not finished and technical 
challenges still need to be overcome (Sharwood 2017; Sharwood et al. 2016). A more 
accessible and readily available source of diversity may already be present in the primary 
genepool of wheat.  
Wild ancestors and landraces could hold the key to improving yield potential in the 
breeding gene pool (Skovmand et al. 2001). High photosynthetic rates have been 
identified in progenitor wheat species (Austin et al. 1982; Dunstone et al. 1973; Evans & 
Dunstone 1970; Johnson et al. 1987b; Khan & Tsunoda 1970), highlighing a potential 
source of modern wheat improvement. Since these investigations there has been a reduced 
focus in literature on capturing photosynthetic diversity from ancestral wheats. One of 
the exceptions is a study conducted by Parmer (2015), which was an investigation into 
radiation and water use efficiency in cultivated ancient wheat types: cultivated emmer, 
spelt and einkorn. These ancient wheats demonstrated high water use efficiency through 
a number of different mechanisms, including increased photosynthetic rates or a 
conservative stomatal conductance. This study highlighted the potential diversity 
available in ancestral cultivated wheats, but there could still be a plethora of diversity 
present in wild progenitor populations.  
Populations of T. dicoccoides still exist in the wild, in a region that forms a rough arc 
across Israel, Lebanon, Syria, Turkey, Iraq and Iran (Luo et al. 2007). These natural 
reserves, and accessions in gene banks, are pools of readily available, untapped diversity 
that may be the key to modern wheat improvement. However, introgressions of beneficial 
traits from a wild background, can also include the unintentional ‘linkage drag’ of genes 
linked to undesirable characteristics (Haggard et al. 2013; Reynolds et al. 2009; Summers 
& Brown 2013). The incorporation of novel diversity into modern varieties should not be 
Introduction 
Tally Wright – September 2018   29 
at the expense of elite performance (Moose & Mumm 2008). The advances made in 
genetic investigation over recent decades has provided the breeding industry with tools 
to more accurately incorporate diversity from different backgrounds into modern 
varieties.   
Advances in genetic and physiological investigation.  
Characteristics of the wheat genome have hindered the progress of genomic 
investigations.  These features include a large genome size (17 Gb), high frequency of 
repeated sequences (more than 85%) and the complex polyploidy nature (IWGSC 2018; 
Uauy 2017). The allohexaploid T. aestivum (AABBDD) has 21 pairs of homologous 
chromosomes separated into 7 groups, each group consists of 6 chromosomes, aligned in 
pairs from the 3 distinct ancestral genomes (Figure VI, Martinez-Perez et al. 2003). The 
tetraploids T. durum, T. dicoccum and T. dicoccoides do not have the ancestral D genome, 
so possess 14 pairs of homologous chromosomes separated into 7 groups, each group 
consists of 4 chromosomes from the 2 diploid ancestral genomes discussed earlier (Figure 
VI). The hybridisation of related species during the formation of an allopolyploid leads 
to sets of similar (but not identical) chromosomes which are termed homoeologous 
(Glover et al. 2016; Martinez-Perez et al. 2003). For instance, the pairs 1A, 1B and 1D 
in T. aestivum are part of homoeologous group 1 (Feldman et al. 1997). Each pair from 
the same ancestral genome is termed homologous (e.g. pair 1A). While homologous 
chromosomes will contain the same order of genes and repetitive content (although not 
necessarily the same alleles), homoeologous chromosomes will possess a similar order of 
genes but differ in repetitive content (Martinez-Perez et al. 2003). Only the homologous 
chromosomes will pair during meiotic pairing, leading to disomic inheritance (Chapman 
& Riley 1970). 
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Figure VI - Chromosome number and genome structure in modern hexaploid wheat (T. aestivum) 
and the wild tetraploid wheat (T. dicoccoides). The genome of T. aestivum originates from 3 ancestral 
genomes (AA, BB and DD) and consists of 21 homologous pairs of chromosomes groups. The T. 
dicoccoides genome is formed from 2 ancestral genomes (AA and BB) and consists of 14 pairs of 
homologous chromosomes.   
The complex nature of the wheat genome has also hindered gene identification and 
marker development (Ribaut et al. 2001). However, genetic investigation was accelerated 
during the 1980s by the development of molecular markers (Collard et al. 2005; Nadeem 
et al. 2017). These markers are fundamentally landmarks in the DNA sequence across the 
genome, which act as guides to the locations of genes when used in parallel to genetic 
linkage maps (Acquaah 2012). Marker discovery has facilitated the identification of 
genetic regions linked to quantitatively inherited traits (Moose & Mumm 2008). 
Quantitatively inherited traits are non-binary complex traits such as height or yield which 
are polygenetic and not inherited in a typical Mendelian fashion (Hill 2010). The 
individual loci linked to regions controlling quantitative traits are termed quantitative trait 
loci (QTL, Tanksley 1993). The identification of numerous QTL in crop species has 
facilitated the development of markers for selection using the knowledge of the marker-
trait associations (Collard & Mackill 2008). The use of marker assisted selection (MAS) 
offers a high-throughput and low cost tool for breeders to make indirect selections of 
phenotypes based on genotype, without the requirement for field trials or mature plants, 
which has been a limitation of traditional phenotypic selection (Reynolds et al. 2011).  
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Although MAS promises to be a useful tool for the breeding industry (Gupta et al. 2010; 
Koebner & Summers 2003), progress has been slow (Collard & Mackill 2008) with 
limited application so field based phenotypic selection is still the dominant method in 
modern cultivar breeding. The recent development of high density single nucleotide 
polymorphism (SNP) genotyping platforms (e.g. Allen et al. 2017; Semagn et al. 2014; 
Wang et al. 2014; Winfield et al. 2016), may address the limitations to marker 
development for MAS. Due to their abundance, SNPs are powerful tools in genotyping 
(Rimbert et al. 2018). If progress in MAS is limited by the polymorphism observed in the 
breeding genepool of modern wheat, an incorporation of diversity from the extended 
genepools could address these restrictions.  
Use of MAS can avoid the undesirable linkage drag associated with introgressions from 
a wild background (Collard et al. 2005) and for selection of more complex traits where 
problems can arise in phenotypic selection (Gupta et al. 2010). MAS could therefore be 
beneficial in selection for phenotypic traits linked to RUE in wide crossing. The 
application of MAS and other laboratory based breeding approaches should be used in 
parallel to field based selection, rather than replacing the traditional methods (Koebner & 
Summers 2003). Therefore, phenotypic field assessments are still required for accurate 
marker-trait identification, in order to facilitate the use of MAS in selection for improved 
RUE. 
To utilise photosynthetic diversity available outside of the modern wheat genepool, 
phenotypic assessment is required to identify potential donors. The dramatic increases in 
wheat yields during the ‘green revolution’ coincided with an improvement in 
understanding of photosynthesis, although the two advancements were not linked 
(Richards 2000). Traditional measurements of photosynthetic components linked to RUE, 
were made using custom built gas-exchange chambers (e.g. Austin et al. 1982; Dunstone 
et al. 1973; Johnson et al. 1987b). These approaches typically used infra-red gas analysers 
(IRGA) to measure the absorbance of infra-red radiation at specific wavelengths and 
hence calculate fluxes of CO2 and H2O molecules (Hall & Rao 1994). Custom built 
chambers have been largely replaced by ‘off-the-shelf’ commercial systems (Figure VII), 
which still utilise IRGA technology but do not require prior expertise with the systems 
(Long et al. 1996). With this technology, parameters of gas-exchange are quantitated 
using mathematical models (von Caemmerer & Farquhar 1981). In addition to the 
commercialisation of IRGA technology, there has been an increase in the accessibility of 
instruments that measure chlorophyll fluorescence (Baker 2008; Murchie & Lawson 
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2013). These measurements can be used to rapidly derive traits underpinning plant 
photochemistry which can scale with CO2 assimilation (Edwards & Baker 1993; Genty et 
al. 1989). The coupling of IRGA and chlorophyll fluorescence technology can be a 
powerful tool in non-invasive physiological assessment (Baker 2008).      
The increased accessibility of technology has improved homology between physiological 
investigations and provided accessible equipment for the interrogation of photosynthetic 
performance in field conditions. In spite of these advancements and the increased 
awareness of the benefits of raising RUE to improve yield potential, there is still a bridge 
to gap between plant breeding and physiology. Regardless of the improved availability of 
photosynthetic phenotyping equipment, an understanding of physiology is still essential 
to acquire meaningful results (Long et al. 1996). Furthermore, as highlighted by Rebetzke 
et al. (2000):  
“A common criticism of exploiting physiological characters in applied 
breeding programs is that some traits, such as leaf conductance, are slow and 
expensive to measure”. 
These criticisms could account for why per unit area photosynthetic improvement has not 
been a major target of wheat breeding in recent history (Richards 2000). It may be 
unrealistic to expect members of the breeding industry to employ gas-exchange analysis 
in their large scale breeding populations. However, if physiological markers can be 
identified which correlate to the more complex integrative photosynthetic traits; indirect 
selection could be applied. The use of indirect selection could aid the breeder in applying 
Figure VII – An example of a portable commercial infra-red gas analyser system used in the field 
to measure gas-exchange parameters of crop species (LI-COR, LI-COR Inc., Lincoln, NE, USA). 
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greater selection pressure for a primary unselected trait in large breeding populations 
(Babar et al. 2007). For effective use of indirect selection, the physiological marker may 
have higher heritability than the primary trait, or be easier and faster to measure, 
ultimately widening the breeding population available for trait discovery (Rebetzke et al. 
2001). If traits are screened for marker-trait associations, large populations are required 
for increased accuracy in estimating marker effects and improving the power of detection 
(Collard et al. 2005; Hospital et al. 1997). This means that high throughput techniques 
are required for rapid phenotyping of large mapping populations. Therefore, if a platform 
of physiological markers amenable to high-throughput phenotyping and relating to more 
complex targeted primary traits can be identified, selection could be implemented in large 
scale breeding programs that incorporate diversity from extended gene pools.  
Thesis aims.  
 
In brief, the aims of this thesis are:  
1. To identify potentially valuable traits in accessions from the primary genepool of 
wheat that could improve flag leaf CO2 assimilation in modern varieties.   
2. To consider the importance of awns to ear photosynthesis, flag leaf photosynthesis 
and grain yield.  
3. To propose an ideotype of complex targeted primary traits and physiological markers 
that could be used for indirect selection.  
4. To identify marker-trait associations linked to the physiological markers in a 
tetraploid background.       
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1 IDENTIFYING DESIRABLE 
FLAG LEAF 
PHOTOSYNTHETIC TRAITS 
IN PROGENITOR SPECIES 
Abstract
High photosynthetic rates have previously been identified in progenitor wheat species, 
but ambiguity exists in pinpointing the components driving this productivity. The 
potential determinants and limitations of flag leaf CO2 assimilation were broken down 
into photosynthetic supply and demand components. A diverse range of techniques were 
used to measure these components on field grown plants, including analyses of gas-
exchange parameters, chlorophyll fluorescence and content, carbon isotope 
discrimination, leaf dry matter and flag leaf area. Two Triticum dicoccoides accessions 
(dic71 and dic72) were identified with higher flag leaf CO2 assimilation, expressed on a 
standardised leaf area basis (A, µmol CO2 m
-2 s-1), when compared to modern wheat 
cultivars. There was evidence that photosynthetic supply components were driving the 
higher A observed in T. dicoccoides, including CO2 supply (stomatal and mesophyll 
conductance) and traits linked to photochemistry.  
CO2 assimilation expressed on a per leaf basis, A (leaf
-1), was higher in the cultivated 
wheats due to an increased photosynthetic capacity determined by organ surface area. 
Offspring progeny, formed through crossing the T. dicoccoides individuals with elite 
hexaploid wheat cultivars, showed increases in A per unit area, but mostly an overall 
lower A (leaf-1), due to a reduction in flag leaf area. Yield analysis indicated that 
maintaining a large flag leaf area was more advantageous to grain yield than increasing 
A per unit area. Therefore, if photosynthetic diversity is to be exploited from a wild 
tetraploid background, introgressions need to be made without reductions to flag leaf area.
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1.1 Introduction   
1.1.1 Flag Leaf Photosynthesis and Grain Yield.  
An ongoing physiological discussion exists in literature regarding whether grain yield is 
limited by source or sink components. The source determinant of yield is assimilate 
production over the growing season and the sink determinant is assimilate storage 
capacity via grains (Shearman et al. 2005). The source determinant is controlled by the 
rate of photosynthesis and the total area of photosynthetic tissue (Thorne 1974). CO2 
enrichment studies have demonstrated that increasing photosynthetic assimilation in 
wheat can have direct beneficial effects on grain yield (e.g. Ainsworth & Long 2005; 
Thilakarathne et al. 2013), supporting the idea that grain yield is to some degree source 
limited, regardless of additional sink limitation. When water availability is not a major 
limiting factor, the flag leaf is a substantial contributor of assimilates to the grain (Thorne 
1974), as demonstrated by correlations between overall grain yield and flag leaf 
photosynthetic traits (Carmo-Silva et al. 2017; Fischer et al. 1981, 1998; Gaju et al. 2016; 
Reynolds et al. 2000). Conversely, a recent large-scale study by Driever et al. (2014) 
found no correlation between grain yield and flag leaf photosynthesis, when measured at 
different CO2 concentrations in 64 modern elite wheat cultivars. Gas-exchange 
measurements of flag leaves at ambient field conditions, rather than under artificially high 
CO2 concentrations, may be more informative on the relationship between photosynthesis 
and grain yield (Carmo-Silva et al. 2017; Lawson et al. 2012). If selection can be 
implemented to improve photosynthesis at a leaf level, overall canopy photosynthesis 
could be increased, leading to higher yields (Horton 2000).  
1.1.2 Photosynthesis in the Progenitors of Wheat  
There is evidence to suggest that CO2 assimilation, expressed on a standardised leaf area 
basis (A, µmol CO2 m
-2 s-1), has decreased through domestication and modern breeding 
practices. Progenitor tetraploid wheat flag leaves have shown higher rates of A than 
cultivated hexaploids (Austin et al. 1982; Dunstone et al. 1973; Evans & Dunstone 1970; 
Johnson et al. 1987a; Khan & Tsunoda 1970). Differences in photosynthetic performance 
between old and more modern wheat varieties suggest that breeders may have 
unintentionally selected against flag leaf photosynthetic capacity in order to improve 
other agronomically important traits (Driever et al. 2014). Wild relatives and landraces 
of wheat are generally recognised to be an untapped genetic reserve for crop improvement  
(Skovmand et al. 2001). A plethora of novel diversity exists directly in the primary 
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genepool of wheat, such as the tetraploid progenitor T. dicoccoides (Peng et al. 2012), a 
species which has shown high photosynthetic capacity in wild populations (Carver & 
Nevo 1990). Recent reports have highlighted that introgressions from T. dicoccoides into 
modern wheat can increase flag leaf photosynthetic capacity (Merchuk-Ovnat et al. 
2016b).  
Ambiguity exists in pinpointing which particular traits are responsible for a potential 
decline in A in the flag leaves of modern wheat in comparison to progenitor species. For 
instance, Austin et al. (1982) found higher stomatal and vein densities in tetraploid flag 
leaves compared to hexaploid cultivated varieties and Khazaei et al. (2009) found 
stomatal size varied across wheat ploidy. Alternatively, Prins et al. (2016) found superior 
photosynthetic enzyme catalytic properties across the Triticeae tribe and Johnson et al. 
(1987) concluded that a higher capacity for mesophyll photosynthesis may be linked to 
variation in CO2 assimilation across ploidy, whilst Merchuk-Ovnat et al. (2016b) found 
that an introgression from T. dicoccoides into bread wheat was linked to improved 
photochemistry. However, it could simply be that the smaller leaf area typical of 
progenitor wheat (Evans & Dunstone 1970), may have more concentrated photosynthetic 
capacity (Long et al. 2006), and hence photosynthesis measurements expressed on a 
standardised leaf area basis (mol CO2 m
-2 s-1) could account for variation across ploidy. 
To utilise the diversity in progenitor wheat as a source for photosynthetic improvement 
in modern varieties, further analysis is needed to identify the driving components of 
improved CO2 assimilation found across contrasting wheat species.      
1.1.3 The Driving Components of Leaf CO2 Assimilation.  
The determinants of flag leaf A, and thus potential opportunities for improvement, can be 
separated into two categories: photosynthetic supply and down-stream demand (Figure 
1-1). ‘Supply’ consists of the quantity of products produced through the light-dependant 
reactions and the delivery of CO2 to the sites of carboxylation (Mellers & Wright 2017). 
The demand component entails the down-stream enzyme-regulated mechanisms of CO2 
fixation and, additionally, the absolute area based leaf photosynthetic capacity governed 
by organ surface area and density.      
The development of portable Infrared Gas Analyser systems (IRGA) has facilitated real-
time field measurements of supply and demand components of leaf photosynthesis within 
a controlled cuvette (Long et al. 1996). Plotting measurements of A against different 
intercellular CO2 concentrations (Ci) can provide information on biochemical features 
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and parameters of leaf photosynthesis (Bellasio et al. 2016; Sharkey et al. 2007; von 
Caemmerer & Farquhar 1981). Following models from Farquhar et al. (1980), these 
responses can be used to analyse limitations on photosynthesis, including carboxylation 
activity of photosynthetic enzymes and the regeneration rate of the acceptor molecule 
ribulose-1,5-bisphosphate (RuBP). Parameters which relate to the supply and demand 
components of flag leaf CO2 fixation (Figure 1-1) can be extracted from measurements 
of field grown plants using an IRGA and leaf cuvette system and quantified in relation to 
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Figure 1-1 - A schematic of a flag leaf cross section, showing the photosynthetic supply (highlighted in green) and demand components (highlighted in blue) which ultimately 
determine CO2 assimilation and represent potential targets for improvement: a). Leaf veins are visible in a cleared T. dicoccum flag leaf from the 2016 field trial (L. 
McAusland, personal communication, 2016); b). Stomata visible on an impression taken from the 2017 field trial (see: 1.2.2); c). Leaf mesophyll cells are shown in a zoomed 
image from the 2016 field trial taken at 60x (see: 1.2.2); d). A photo taken during the 2016 field trial showing a leaf illuminated by a LED light; e) Chloroplasts are visible 
in the zoomed image of a mesophyll cell from the 2016 field trial taken at 60x. 
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Photosynthetic Supply  
The supply components that are determinants, and potential limitations, of CO2 
assimilation include the delivery of CO2 to the sites of carboxylation and the availability 
of products from the light dependant reactions. CO2 delivery is governed by a number of 
diffusive boundaries, primarily: stomatal conductance (gs) and mesophyll conductance 
(gm). When stomata are closed, water loss is minimal, but the shut pores act as the sole 
limitation to carbon fixation (Farquhar et al. 1982). Therefore, there is a fundamental 
trade-off between the flux of CO2 entering the leaf and flux of H2O exiting through the 
stomatal pores (Lawson & Blatt 2014). Selection to increase or decrease gs largely 
depends on the targeted environment, as higher gs in water-rich environments has resulted 
in higher yields in bread wheat (Fischer et al. 1981, 1998). Conversely, selection for 
decreases in gs would merit improvements in drought tolerance (Hughes et al. 2017). 
Reductions in gs are often to the detriment of carbohydrate status over the growing 
seasons leading to an overall yield penalty (Lawson & Blatt 2014). Disassociating this 
trade-off is key to breeding drought tolerant varieties that are productive under a range of 
environmental conditions. Water shortage leads to substantial reductions in leaf 
photosynthesis (Lawlor & Cornic 2002; Schapendonk et al. 1989) and is a major abiotic 
constraint on global wheat production (Shiferaw et al. 2013). The leaf-level proportion 
of CO2 gained to H2O transpired is termed Water Use Efficiency (WUE) (Farquhar & 
Richards 1984) and can be useful physiological tool for assessing drought tolerance 
(Condon et al. 2004). High WUE can be associated with reduced water loss and lower gs, 
but also decreased A and slower growth (Lawson & Blatt 2014). Relative Water Content 
(RWC) is a useful tool for screening leaf water relations, as estimates of leaf relative 
turgidity can provide an insight into potential water deficits (Barrs & Weatherley 1962) 
and has been used for assessing drought tolerance (Ober et al. 2005; Tambussi et al. 
2005). 
Once CO2 has diffused into the leaf through the stomata, the delivery of CO2 to the sites 
of carboxylation is largely governed by mesophyll conductance to CO2 (gm). The diffusion 
of CO2 across the mesophyll is restricted by a series of physical barriers, reflecting 
diffusion from the substomatal cavity into the mesophyll cells, then transport to the 
chloroplasts and the site of carboxylation (Flexas et al. 2012, 2013). Variation in gm 
between genotypes occurs due to differences in mesophyll anatomy (Evans et al. 2009; 
Evans & Von Caemmerer 1996; Tomás et al. 2013) and biochemical features such as 
aquaporins or carbonic anhydrases (Flexas et al. 2012). Significant variation has been 
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observed in gm within crop cultivars (Barbour et al. 2010; Jahan et al. 2014; Tomás et al. 
2014), suggesting selection could be implemented in breeding programs with the aim of 
increasing leaf level CO2 assimilation.  
The fractionation of the heavier carbon isotope (13C) during the diffusion of CO2 through 
the stomata, and during the uptake by Rubisco, is a tool for determining limitations 
relating to leaf level photosynthetic supply and demand components (Farquhar et al. 
1982). The degree of discrimination against 13C is dependent on the ratio of Ci to the 
external CO2 concentration (Ca) (Gillon et al. 1998). This ratio is determined by the 
relative magnitudes of the supply component (gs) and the downstream demand component 
controlled by Rubisco (Dawson et al. 2002). If carbon isotope discrimination (Δ13C) and 
the ratio of Ci to Ca (Ci / Ca) is low, then the supply component (gs) is limiting diffusion, 
or possibly CO2 drawdown by Rubisco is high (Farquhar et al. 1989). Alternatively, a 
higher ratio of Ci / Ca, caused by either reduced diffusive restrictions or decreased CO2 
drawdown, may result in higher Δ13C. Low leaf Δ13C is often associated with high carbon 
gain and low water loss (Farquhar & Richards 1984) and is usually used as a tool for 
screening drought tolerance (Rajabi et al. 2009). However, Δ13C can be used as a 
surrogate for diffusive supply limitations, but could also represent photosynthetic 
(demand) limitations during the lifespan of a leaf. 
The supply components of CO2 assimilation also includes the availability of products 
from photochemistry (adenosine triphosphate and reductant generated by the light-
dependant reactions). As described by Horton (2000), limitations to leaf level light 
harvesting capacity can arise from: poor absorption caused by inefficient leaf angles; the 
inability of the leaf to deal with high-light saturation; photoinhibition and ineffective 
photoprotection; and slow recovery times under heterogeneous light conditions. 
Chlorophyll fluorescence is a useful diagnostic tool for estimating the performance of 
photosystem II photochemistry, which can relate to photosynthetic performance in field 
conditions (Maxwell & Johnson 2000). The quantum yield of photosystem II (ΦPSII), 
provides an estimate of the proportion of absorbed light energy used in photochemical 
pathways and is used to derive an estimate of the rate of electron transport (Genty et al. 
1989; Murchie & Lawson 2013). The per unit chlorophyll content can also be used as a 
tool for screening leaf level investment into light harvesting and can be proportionate to 
photosynthesis under optimum conditions (Fleischer 1935). 
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Photosynthetic Demand 
The determinants, and limitations, imposed by photosynthetic demand components relate 
to the down-stream enzyme regulated mechanisms of CO2 fixation. Demand for CO2 is 
restricted by the carboxylation (Vc) and oxygenation (Vo) activities of the enzyme Rubisco 
(Farquhar et al. 1980; Seibt et al. 2008). Rubisco initiates the first stage of CO2 uptake in 
the Calvin Benson Cycle (CBC), by catalysing the carboxylation of RuBP (Raines 2003). 
Although Rubisco constitutes up to half of the soluble protein in a C3 plant (Nobel 2005), 
increasing the capacity and efficiency of the enzyme is a substantial bottleneck in raising 
wheat yields (Parry et al., 2011). Correlations between flag leaf nitrogen content and CO2 
assimilation (Evans, 1983, 1989) have highlighted the importance of per unit Rubisco 
content in carbon fixation. Furthermore, the catalytic properties of the enzyme, such as 
carboxylation velocity, Michaelis-Menten constants for CO2 and O2 and specificity 
factor, have been shown to vary in different Triticeae genotypes (Prins et al. 2016). Traits 
such as Rubisco specificity factor (SC/O) are important tools for screening Rubisco 
efficiency, as in addition to Vc, Rubisco is also responsible for catalysing the oxygenation 
of RuBP (Vo). Photorespiration is the energetically expensive process of converting the 
by-products of the oxygentation reaction and is a significant constraint on wheat 
productivity (Long et al. 2006; Parry et al. 2011, 2007). Photorespiration can be 
responsible for loss of 30% of the potential carbohydrates formed through photosynthesis 
(Monteith & Moss 1977).    
The demand components of leaf level CO2 assimilation also include area based leaf 
photosynthetic capacity, which is ultimately determined by organ surface area or 
thickness. Theoretically, a larger leaf may have a higher demand for supply components 
to maintain CO2 assimilation over an extended photosynthetic surface area. Canopy 
photosynthesis can be increased by targeting higher A, but also by selection for increased 
leaf area (Beadle & Long 1985). Increased leaf thickness is often associated with higher 
photosynthetic capacity (McClendon 1962; Oguchi et al. 2003), due to supporting more 
concentrated photosynthetic apparatus per unit area (Evans & Poorter 2001). Direct 
measurements of leaf thickness can be difficult, however, specific leaf area (SLA, the ratio 
of leaf area to dry mass) can be used as a suitable proxy (Vile et al. 2005). In terms of 
organ surface area, A has been negatively associated with larger leaf area (Austin et al. 
1982; Bhagsari & Brown 1986; Evans & Dunstone 1970; Johnson et al. 1987a), which 
could be the result of a dilution of photosynthetic capacity per unit area (Long et al. 2006). 
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Ultimately, investigation is needed to address the potential costs or benefits of selection 
for increased absolute and specific leaf area on assimilation rate per unit leaf area.  
1.1.4 Chapter Aims 
Preliminary analyses were completed in the present study and by White and Leigh 
(unpublished) on a large collection of different wheats that existed at NIAB (Cambridge, 
UK). Based on these results, a subset of diverse wheat lines consisting of different species 
was selected for detailed experimental investigations. 
1. This subset was grown in field trials in 2016. Flag leaf CO2 assimilation was measured 
to confirm the observations made in preliminary analyses and to identify potential donors 
for modern wheat improvement.  
2. Using a range of diagnostic phenotypic tools, the aim was to establish which 
photosynthetic supply and demand components were driving the diversity within the 
collection.  
3. In a field trial grown the following year (2017), existing introgression populations 
formed from direct hexaploid x tetraploid crossing were included. The tetraploid parents 
were lines with high flag leaf CO2 assimilation identified in the 2016 field trial. The aim 
was to analyse whether photosynthetic diversity can be incorporated into a modern wheat 
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1.2 Methodology  
Each methodology section in the following three chapters consists of a description of 
plant genetic material and trial layout, phenotypic methodology and (where present) 
genotypic methodology. In all chapters and sections, the mentioned growth stages (GS) 
refers to the Zadoks et al. (1974) growth stages for cereals (see: Appendix 4).      
1.2.1 Materials and Trials 
Material 
A diverse collection of diploid, tetraploid and synthetic hexaploid wheat exists at NIAB 
forming the working material for the synthetic pillar of the Wheat Strategic Improvement 
Program (WISP - www.wheatisp.org). A portion of this material was grown in a 
demonstration field plot in 2016 (Table 1-1), hereafter termed in this chapter the ‘2016 
field trial’. Within this plot, a smaller subset of lines were selected for gas exchange 
analysis, with the selection aiming to encompass representatives from different species 
and sub-species. Two elite bread wheats were included, Paragon (spring-type) and 
Robigus (winter-type), these lines had significance in ongoing pre-breeding programs and 
were good examples of modern cultivars. Two T. durum lines were also included, Hoh501 
is the tetraploid parent in NIAB Synthetic Hexaploid Wheat (SHW) breeding programs 
and 67-1 was a diverse Ethiopian landrace of interest. Tios and dic12b were the T. 
dicoccum mapping population parents that showed photosynthetic variation in the 
glasshouse, discussed further in Chapter 3. Another T. dicoccum landrace was also 
included (18209), which had significance in the WISP program. Two T. dicoccoides 
accessions, dic71 and dic72, showed diverse flag leaf photosynthetic responses in 
preliminary trials. Therefore, these lines were included to identify potential donors for 
modern wheat photosynthetic improvement. Additionally, dic007 was included as an 
example of einkorn wheat (Triticum monococcum). Two accessions of primary synthetic 
hexaploid wheat developed at NIAB were also included (SHW-008 and SHW-012). The 
contributors to the material selection and preliminary analyses are discussed in Appendix 
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Table 1-1 - The subset of lines from the 2016 field trial on which gas-exchange measurements were 
completed. 
Line  Species Common Name  Reason for inclusion 
Paragon T. aestivum Bread Wheat Pre-breeding hexaploid parent  
Robigus T. aestivum Bread Wheat Pre-breeding hexaploid parent  
Hoh501 T. durum Durum Wheat Tetraploid component of NIAB synthetics.  
67-1 T. durum Durum Wheat Ethiopian landrace 
Tios T. dicoccum Cultivated emmer High CO2 A in glasshouse1 
18209 T. dicoccum Cultivated emmer Tetraploid landrace 
dic12b T. dicoccum Cultivated emmer Low CO2 A in glasshouse1 
dic72 T. dicoccoides Wild emmer High gs in glasshouse2  
dic71 T. dicoccoides Wild emmer High gs in glasshouse2 
SHW008 T. aestivum Synthetic Wheat NIAB primary synthetic 
SHW012 T. aestivum Synthetic Wheat NIAB primary synthetic 
dic007 T. monococcum Einkorn Wheat Diploid Landrace 
1 Measured in glasshouse trial by White and Leigh (unpublished). 2 Measured in a preliminary winter 
glasshouse field trial in 2015. 
Based on the results from the 2016 field trial: Tios, Paragon, Robigus, dic12b, dic71, 
dic72 and tetraploid x hexaploid crossing (T x H) offspring lines were included in a trial 
during 2017 (Table 1-2). The offspring T x H lines consisted of 16 accessions formed 
through crossing dic72 with Paragon, backcrossing the F1 individuals with Paragon and 
then self-fertilising through to the F6 generation. The other 4 T x H offspring lines also 
consisted of backcrossed F6 lines, but were initially formed via crossing dic71 and 
Paragon. This trial is hereafter referred to in this chapter as the ‘2017 field trial’. The 
tetraploid mapping population parents used in Chapter 3 (Tios and dic12b) were also 
included. Robigus was included for additional comparisons between modern and 
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Table 1-2 - Tetraploid parental lines, hexaploid parental lines and the introgressed offspring lines 
grown in the 2017 field trial. 





dic12b Mapping Parent T. dicoccum - - 
dic71 Tetraploid Parent T. dicoccoides - - 
dic72 Tetraploid Parent T. dicoccoides - - 
Paragon Hexaploid Parent T. aestivum - - 
Robigus Hexaploid Individual T. aestivum - - 
Tios Mapping Parent T. dicoccum - - 
31_07K BC1 F6 T. aestivum dic71 Paragon 
31_07L BC1 F6 T. aestivum dic71 Paragon 
31_12K BC1 F6 T .aestivum dic71 Paragon 
31_17A BC1 F6 T .aestivum dic71 Paragon 
32_06L BC1 F6 T. aestivum dic72 Paragon 
32_16J BC1 F6 T. aestivum dic72 Paragon 
32_21C BC1 F6 T. aestivum dic72 Paragon 
32_23D BC1 F6 T. aestivum dic72 Paragon 
32_23E BC1 F6 T. aestivum dic72 Paragon 
32_23G BC1 F6 T. aestivum dic72 Paragon 
32_23I BC1 F6 T. aestivum dic72 Paragon 
32_23J BC1 F6 T. aestivum dic72 Paragon 
32_24K BC1 F6 T. aestivum dic72 Paragon 
32_08G BC1 F6 T. aestivum dic72 Paragon 
32_08L BC1 F6 T. aestivum dic72 Paragon 
32_09F BC1 F6 T. aestivum dic72 Paragon 
32_15G BC1 F6 T. aestivum dic72 Paragon 
32_15I BC1 F6 T. aestivum dic72 Paragon 
32_15J BC1 F6 T. aestivum dic72 Paragon 
32_16E BC1 F6 T. aestivum dic72 Paragon 
Trials  
The trials used in this chapter are:  
 The 2016 field trial used for A/Ci curve measurements. 
 The 2017 field trial used for ambient gas-exchange and leaf area field 
measurements of the introgressed offspring lines and their parents.  
2016 Field Trial  
A selection of lines were sown into a 96 well tray filled with M3 compost on the 20th of 
January 2016 (Table 1-1). Seedlings were vernalised for two months; on removal they 
were hand transplanted into the Innovation Farm Demo Field (Park Farm, NIAB, 
Cambridge) on the 29th of March 2016. Transplants were made into a large plot (8 m x 2 
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m) consisting of 7 rows spaced 30 cm apart (Figure 1-2). For each line, a mini-plot was 
created by transplanting 10 individuals along 80 cm of one row, there were 7 mini-plots 
formed per row. A 20 cm gap separated each mini-plot. As this plot was also used for 
demonstration purposes, the order was not randomised. Species were planted together in 
non-replicated blocks (Figure 1-2), which had the advantage of reducing potential 
shading, as interspecific variation in height was greater than intraspecific variation. In an 
effort to reduce edge effects, Paragon seed was sown as a buffer at the beginning and end 
of each row and in the two outer rows. The Robigus individuals showed signs of Pythium 
disease following artificial vernalisation. One month after the initial transplanting date, 
all Robigus plants were replaced with heathy individuals which had been kept as spare 
plants in vernalisation. This resulted in a later transplanting date for Robigus and that 
these transplanted individuals missed the N application.       
The field plot was treated and fertilised as a typical spring wheat trial. To achieve a 
universal N application of 150 kg/N; the plot was fertilised with ammonium nitrate 
(34.5% N) in two separate applications of 116 and 319 kg ha-1. One pesticide and two 
fungicide applications were also applied. No herbicide was used, as the plot was routinely 
hand weeded. Due to the field space restrictions, plants which were being used for yield 
analysis were dug up during senescence on the 27th of July 2016 and moved to large bread 
crates (0.051 m3) full of potting compost. Crates were transported to an outside growing 
area at Park Farm, Cambridge and left to senesce completely before harvest. Harvest was 
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Figure 1-2 – The layout of the 16 m2 2016 field trial used for the A/Ci curve measurements. For each line, 10 replicates were planted in an 80 cm row mini-plot, spaced 8 





















































Capturing Photosynthetic Traits from the Progenitors of Wheat. 
48  Tally Wright – September 2018 
2017 Field Trial 
The TxH parents (Paragon, dic71 and dic72), the T x H offspring lines and three 
additional lines (dic12b, Tios and Robigus) were sown into 96-well trays between the 13th 
and 16th of January 2017 (Table 1-2). To avoid the problems with Pythium transmitted 
through the vernalisation chamber in the 2016 field trial, the seedlings were vernalised 
naturally in an unheated glasshouse at Park Farm, Cambridge from the 18th of January 
2017. On the 31st of March 2017, lines were hand transplanted into a 24 m2 plot (8 m x 3 
m) in the New Ornamentals Field Park Farm, NIAB Cambridge (Figure 1-3). The plot 
had nine rows spaced 30 cm apart, the 3rd, 4th, 6th and 7th row were each transplanted with 
9 lines spaced out in 80 cm mini-plots. Within each mini-plot, there were 8 individuals 
transplanted and spaced 10 cm apart. The mini-plot order was randomised before 
transplanting. For uniformity and phenotyping accessibility, the 2nd, 5th and 8th row were 
not planted, so that each transplanted row was exposed to a gap row on one side. The 50 
cm start and end of each row, and the 1st and 9th outer boundary rows were sown with a 
Paragon buffer.  
From the date of transplanting to the start of senescence, the plot was well irrigated every 
5 days in the absence of rainfall.  On the 19th of April 2017, one application of ammonium 
nitrate fertiliser (34.5% N) was applied at a rate of 434 kg ha-1 to achieve a universal 
application of 150 kg/N.  On the 18th of May 2017 the first application of fungicide was 
made. The second application of fungicide was made on the 25th of June 2017. Herbicide 
was not applied to the plot, as routine hand weeding was carried out. Once the plants had 
reached GS39 they were all individually staked to avoid lodging. On 3rd to 4th of August 
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Figure 1-3 - The layout of the 24 m2 plot which contained the collection of tetraploid and hexaploid parental lines and the introgressed offspring individuals grown in the 
2017 field trial. The plants were randomly transplanted into mini-plots in 4 rows. Each 80 cm mini-plot consisted of 8 replicates. The outer rows and the first 50 cm of each 
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1.2.2 Phenotypic Methodology 
2016 field trial  
Material Sampling  
From the 5th of June to the 11th July 2016, healthy main tillers were selected from plants 
at inflorescence emergence (GS51 to GS59). Following Driever et al. 2014, the 
measurements were made before anthesis to reduce potential variation in sink size 
between the lines influencing the photosynthetic rates.  As the equipment required to take 
measurements from these tillers included a large 2% O2 gas cylinder, it was impractical 
to complete analysis in the field. Therefore, main tillers were cut off just above ground 
level and immediately re-cut under, and stored, in deionised water to prevent cavitation. 
Only one tiller was sampled at a time and immediately transported to the field lab (located 
in close proximity to the demo field). No significant variation was identified between 
measurements made in the field and the lab using this technique (see: Appendix 1). Five 
or six A/Ci curves (details below) were completed on different replicates of each line. 
Measurements were conducted between 9:30 to 18:00. The transplanted Paragon 
individuals showed signs of disease stress (mainly rust) on the flag leaves. Therefore, 
only 1 healthy individual was available from all those transplanted. However, the 40 cm 
start and end of each row had been sowed with Paragon to act as a buffer. Therefore, 
healthy main tillers from the central regions of the 40 cm boundary blocks at the 
beginning and end of each row of the plot were used instead. Once the A/Ci curves were 
complete, each leaf was imaged and leaf cores were taken for dry matter analysis. Leaves 
were then stored in moist tissue paper, sealed in a plastic bag and transported back to 
NIAB HQ, Cambridge, where undamaged sections of the flag leaves were sampled for 
the cross-section analysis.  
Measurements  
The methodology used in the 2016 field trial examined a range of physiological markers 
related to the supply and demand components of flag leaf CO2 assimilation. The 
techniques used were diverse and are shown for clarity in Table 1-3.       
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Table 1-3 - Targeted traits used for analysis of the supply and demand components linked to CO2 assimilation in the 2016 field trial. The acronym for each trait is shown in 
the table.   
Trait  Acronym Units Methodology  Reference   
      
Supply Component        
Per unit leaf net CO2 assimilation  A µmol CO2 m-2 s-1 A/Ci curve von Caemmerer & Farquhar (1981) 
Per unit leaf transpiration E mmol H2O m-2 s-1 A/Ci curve von Caemmerer & Farquhar (1981)  
Stomatal conductance to H2O gs mol H2O m-2 s-1 A/Ci curve von Caemmerer & Farquhar (1981)  
Mesophyll conductance to CO2 gm mol CO2 m-2 s-1 A/Ci curve Harley et al. 1992 
Quantum yield of photosystem II ΦPSII - A/Ci curve Genty et al. 1989 
Calibrated electron transport rate JCAL µmol e- m-2 s-1 A/Ci curve Bellasio et al. 2016 
Chlorophyll content Chl mg m-2 Chlorophyll Content Meter - 
Carbon isotope discrimination Δ13C  ‰ Dry matter analysis Farquhar et al. (1989) 
Relative water content RWC % Dry matter analysis Barrs & Weatherley (1962) 
Instantaneous water use efficiency  WUE µmol CO2 (mol H2O)-1 A/Ci curve - 
Percentage intercellular airspace % Airspace % Cross Sectioning - 
       
Demand Component         
Per unit leaf net CO2 assimilation A µmol CO2 m-2 s-1 A/Ci curve von Caemmerer & Farquhar (1981) 
Maximum photosynthetic rate AMAX µmol CO2 m-2 s-1 A/Ci curve von Caemmerer & Farquhar (1981)  
Intercellular CO2 concentration Ci µmol mol
-1 A/Ci curve von Caemmerer & Farquhar (1981)  
Carboxylation efficiency CEamb mol m-2 s-1 Curve fitting EBT Bellasio et al. 2016 
CO2 assimilation per leaf A (flag leaf-1) µmol CO2 leaf -1 s-1 A/Ci curve - 
Percentage nitrogen content N% % A/Ci curve - 
Carbon isotope discrimination Δ13C  ‰ Dry matter analysis Farquhar et al. (1989) 
Flag leaf area FLA cm2 Image analysis - 
Specific leaf area SLA cm2 g-1 Dry matter analysis Garnier et al. (2001) 
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Combined Fluorescence, A/Ci curves and RDARK measurements.  
A LI-COR-6400XT Portable Infrared Gas Analyser (LI-COR, LI-COR Inc., Lincoln, NE, 
USA) with a Leaf Chamber Fluorometer (LCF) was used to generate A/Ci curves coupled 
to PSII fluorescence under both ambient and low O2 (2%) concentrations. Initial LI-COR 
chamber conditions were: leaf fan set to fast, gas flow rate set to 200 µmol s-1, and a CO2 
reference concentration of 400 µmol mol-1. A block temperature (25 ⁰C) slightly higher 
than ambient conditions was used (see: Appendix 5), in order to conform to studies where 
fixed values of physiological parameters were taken and used in the mesophyll 
conductance estimation. Physiological estimates of Rubisco specificity or CO2 
compensation are often estimated at 25 ⁰C (e.g Alonso et al. 2009; Galmés et al. 2005). 
Based on preliminary light curves completed with the LI-COR (see: Appendix 1), a near-
saturating photosynthetic photon flux density (PPFD) of 1500 μmol m–2 s–1 was set (90% 
red and 10% blue light). Reference relative humidity was controlled at 60 ± 10% to match 
the ambient lab conditions. Following Loriaux et al. (2013) and Bellasio et al. (2016) the 
LCF conditions were set to: measuring light frequency = 10 KHz, intensity = 4, filter = 5 
and gain = 10. A multiphase pulse flash was selected with a ramp depth of = 40%, target 
intensity = 10, high measuring frequency = 20 KHz and filter = 50 KHz.  
Leaves were placed in the chamber, half way along the length of the leaf, with the adaxial 
side facing the internal LED light source.  If the flag leaves did not completely cover the 
gasket area, leaf width was measured and gas-exchange results were recalculated using 
the correct leaf area (Carmo-Silva et al. 2017). The leaves were left to acclimatise for 10-
60 minutes, until A and gs had stabilised. At this point an automated fluorescence step-
wise A/Ci curve was prompted on the LI-COR with: CO2 reference steps of: 400, 300, 
200, 100, 400, 600 and 1200 µmol mol-1; matching at each step with a 30 s post match 
recovery; and a 120 s minimum and maximum wait time. At the 100 µmol mol-1 CO2 step 
the automated program was paused and flow rate was changed to 100 µmol s-1, A and gs 
was left to stabilise before recording. Flow rate was decreased with the intention that more 
discrete CO2 and H2O differentials, expected at low reference CO2 steps, were measured 
accurately (Li-Cor 2012). After the measurement was taken the program was resumed 
and flow rate returned to 200 µmol s-1.  
After the ambient O2  A/Ci curve was completed, CO2 reference was returned to 400 µmol 
mol-1 and a low oxygen supply of 2% O2 / N2 gas was fed through a humidifier and 
connected to the air inlet on the LI-COR. Using a flowmeter and regulator, the gas flow 
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was maintained between 1.7 and 1.8 L min-1. The change in O2 supply was entered into 
the LI-COR calibration system. Leaves were left for 10 minutes to acclimatise and then 
the automated A/Ci curves were replicated under the low O2 supply. Once the second 
curve was complete, the protocol for measurement of respiration in the dark (RDARK) was 
followed using the method described in Bellasio et al. (2014b). The actinic chamber light 
was switched off, the reference CO2 was set at 550 µmol mol
-1 and flow rate was changed 
to 50 µmol s-1, the CO2 concentration was increased to reflect the ambient laboratory 
environment and minimise diffusive leaks (Bellasio et al. 2014b; Boesgaard et al. 2013). 
Leaves were left 5 - 10 minutes before the measurement was recorded at a steady state. 
Using the above procedure the time needed for one complete replicate was roughly 90 - 
120 minutes, largely depending on the acclimatisation time required for each leaf.  
Chamber Leak Test 
Running A/Ci curves requires working with chamber CO2 concentrations that are very 
different from the external environment. Large gradients increase the risk of diffusive 
leaks of CO2 through the gaskets of the chamber, leading to error prone measurements of 
A and Ci (Flexas et al. 2007; Long & Bernacchi 2003; Rodeghiero et al. 2007). To correct 
for erroneous measurements a method for CO2 leak correction was followed from Flexas 
et al. (2007). Paragon flag leaves were collected from the boundary rows of the field plot 
and thermally denatured by boiling in water for 3 minutes. Leaves were checked for the 
absence of biologically meaningful chlorophyll fluorescence using the LI-COR. The 
denatured leaf was then run through the steps of the A/Ci curves (Figure 1-4). This 
protocol was completed weekly during the period of measurements, in total seven 
denatured leaves were measured and the mean apparent A values calculated for each step. 
All the A/Ci curves in the trial were corrected, by subtracting the mean apparent A values 
for the denatured leaves from the recorded CO2 reference concentrations of each step.   
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Figure 1-4 – Apparent CO2 assimilation (A) mean values of denatured leaves against each CO2 
reference step used in the A/Ci curve protocol. These mean values were used for the CO2 leak 
correction at each CO2 reference step following Flexas et al. (2007) . Error bars represent standard 
deviation (n = 7). 
Leaf Area Image Analysis 
Leaves were cut off from each tiller at the leaf sheath. Each leaf was imaged against a 
plain background and weighed down with a sheet of clear cellophane, a ruler was included 
in each image for scale (Figure 1-5). The images were analysed using ImageJ (V - 1.51, 




















Figure 1-5 – Images of flag leaves of dic71 (a) and Paragon (b) from the 2016 field trial taken 
against a white background. Colour thresholds were altered for estimations of flag leaf area 
(FLA), leaf area selection is shown highlighted in red. The scale shown is in cm.  
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Chlorophyll Content Measurement  
Flag leaf chlorophyll content (Chl) was determined using a CCM-300 Chlorophyll 
Content Meter (Opti-Sciences, Inc. Hudson, USA). Three technical replicates of Chl 
readings were taken half way up each flag leaf; the three readings were then averaged. 
Dry Matter Analysis 
A 0.44 cm2 borer was used to take two tissue cores, half way up each flag leaf. Cores 
were placed in previously labelled and weighed Eppendorf tubes and were immediately 
weighed to obtain fresh weight (FW). Losses in leaf dry matter can be observed during a 
saturation phase of 24 hours, which can be reduced by storage at low temperatures in the 
dark (Barrs & Weatherley 1962). Therefore, the leaf cores were hydrated in deionised 
water for 24 hours, then stored in the dark at 4 ⁰C. The cores were plotted on tissue paper 
and a fully saturated weight was then taken (SW) before placing in the oven for 48 hours 
at 60 ⁰C. Dry weight measurements were then taken (DW). Using these weight 
measurements, Relative Water Content (RWC) was derived following Barrs & 
Weatherley (1962):  
 
Specific Leaf Area (SLA) was calculated following Garnier et al. (2001):  
 
Where LCarea is area of leaf core taken, which was 0.88 cm
2. 
The leaf cores were ground to a fine powder and ~0.5 mg of the tissue was transferred 
into 8 mm x 5 mm tin capsules for each sampled leaf. Percentage N content (N%) and 
carbon isotope composition (δ13C) was analysed at the Godwin Laboratory (Department 
of Earth Sciences, University of Cambridge) using a Costech Elemental Analyser 
(Costech Analytical Technologies, Inc., Valencia, USA) and a DELTA V Isotope Ratio 
Mass Spectrometer (Thermo Scientific, Massachusetts, United States). The parameter 
δ13C was calculated following Farquhar et al. (1982):  
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Where Rsample and Rstandard are the ratios of 
13C to 12C, within the sample and a universal 
standard (Pee Dee Belemnite) respectively. Again following Farquhar et al. (1989), 
carbon isotope discrimination (Δ13C) was then calculated by: 
 
Where δsource and δproduct are the δ
13C of atmospheric air and the leaf sample respectively. 
Atmospheric air δ13 for field grown plants was assumed to be -8 ‰ (Farquhar et al. 1989). 
Leaf Cross Sectioning for Intercellular Airspace Analysis. 
On an undamaged central section of each flag leaf, 3 x 1 mm thin strips were cut using a 
scalpel. Under a fume hood, the strips were transferred into a pre-prepared solution 4% 
paraformaldehyde + 2.5% glutaraldehyde in a 0.05 M phosphate buffer. Leaves were 
stored in this solution at 4 ⁰C for 1 - 2 months (depending on sampling date). On the 26th 
to the 27th of July the samples were washed in deionised water for 30 minutes in three 
repeated steps and stored in 50% ethanol at 4 ⁰C. On the 16th of August cross sections 
were trimmed to 2 mm in length and then taken through a series of 45 minute dehydration 
steps of 60, 70, 80 and 90% ethanol, then stored overnight in a solution of 95% ethanol 
and 0.1% eosin. The following day, samples were washed in three 45 minute steps with 
100% ethanol. Samples were infiltrated and embedded using the Technovit7100 
embedding medium (Kulzer GmbH, Wehrheim, Germany) and allowed to polymerise 
overnight. Resins were heated and trimmed, then mounted to a wooden block. 
An electronic rotary microtome (HM 340E, Thermo Scientific) was used to trim 2 µm 
sections of the mounted samples, blades were hand-cut with a diamond cutter from 
microscope slides.  Sections were mounted to clean microscope slides with a droplet of 
water. The mounted leaf sections were then stained with filtered 0.1% toluidine blue for 
three minutes, before the stain was washed off. Slides were saturated with DI water for 5 
minutes to remove residue stain. The slides were then imaged using an Olympus BX41 
light microscope (Shinjuku, Tokyo, Japan) and a Micropublisher 3.3 RTV camera 
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ImageJ (V - 1.51) was used for the image analysis. On 60x images taken in mesophyll 
regions 1 to 4 veins down from the main vein, 4 x 5625 µm2 squares were overlaid on the 
images. The mesophyll regions excluded the palisade cell layer (treated as the row of cells 
closest to the upper epidermis) and bundle sheath cells. Substomatal cavities were 
included if they fell within the square. Percentage airspace coverage was calculated within 
each square using the freehand selections tool to highlight individual airspace regions and 
calculate the area (Figure 1-7). A Wacom Intuos CTL-490 (Wacom Co., LTD, Saitama, 
Japan) pen tablet was used for precision in the freehand selections. Percentage airspace 
coverage of the four squares was then averaged to give a percentage mesophyll airspace 










25 µm 25 µm 
Figure 1-6 - Example flag leaf cross section images produced from the 2016 field trial. All images 
shown were taken at 60x magnification of mesophyll regions several veins down from the main vein. 
These images were used to estimate percentage mesophyll intercellular airspace. The scale bar shown 
is 25 µm. 
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Yield Component Analysis  
Once maturity had been reached, between the 15th to the 25th of August 2016, each 
individual plant was cut off at ground level. Prior to cutting, the plants were bagged within 
a perforated clear bag to prevent loss of seed through ear shattering. Plants were stored 
for several weeks under cover, before an above-ground biomass measurement was taken 
per plant at a field dried weight. Total tiller number and number of fertile tillers were 
counted and ears were removed. Five plants were processed for each of the 6 lines used 
in the cross sectioning analysis (dic71, Paragon, Robigus, Tios and dic12b). However, 
only four replicates were available for dic72. The plants used in the yield analysis were 
not necessarily the same replicates used in the gas-exchange analysis, as plants with the 
fewest missing tillers were selected. All the ears were hand threshed and the seed was 
cleaned manually. Seed weight was taken and grain yield data were expressed as                       
g plant-1. Harvest index (HI) was then calculated as the proportion of total grain mass to 
plant mass.  
The number of missing tillers was recorded per plant, for instance where one had been 
cut off during the gas-exchange measurements or broken during the removal of plants 
25µm  
Figure 1-7 – An example of the analysis used to estimate the percentage of the mesophyll occupied by 
airspace. Freehand selections of airspaces are shown in yellow, these selections were drawn using a 
Wacom Intuos CTL-490 (Wacom Co., LTD, Saitama, Japan) pen tablet. Percentage airspace was 
determined in an overlaid 75 x 75 µm square (shown by the black square). The scale bar shown is 25 
µm. 
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from the field. The missing tillers were corrected for by calculating seed weight per ear 
(total seed weight / fertile tiller number). Then adding the calculated seed weight per ear 
to the overall total seed weight for each missing tiller. The maximum recorded missing 
tillers for the plants used in the analysis was, however, 1.  
2016 Field Trial - Analysis.  
Calculation of gm  
The variable J method is a commonly used estimation to calculate mesophyll conductance 




Where 𝛤∗ is the CO2 compensation point in the absence of respiration in the light (RL) 
and J is the non-calibrated rate of photosynthetic electron transport. Calculations of gm 
are sensitive to errors in estimations of 𝛤∗  (Harley et al. 1992; Martins et al. 2013). 
Alonso et al. (2009) calculated that flag leaves of spring wheat had an average 𝛤∗of 32.0 
µmol mol-1 (standard error = 0.6) when measured at 25 ºC. An evaluation was completed 
in this study to test the effect of using the fixed value of 32.0 µmol mol-1 in comparison 
to estimating 𝛤∗ through A/Ci curve fitting for each individual replicate. The Bellasio et 
al. (2016) Excel based fitting tool was used to determine Rubisco specificity factors (SC/O) 
for all the replicates of six lines (Paragon, Robigus, dic71, dic72, Tios and dic12b). Then 
following Bellasio et al. (2016) and Martins et al. (2013) 𝛤∗ was estimated using:  
 
where O is the ambient O2 concentration (210000 µmol mol
-1). There were no significant 
differences in 𝛤∗  across the subset of lines, which was determined using a one-way 
ANOVA (F (5, 23) = 0.3, P = 0.91). Furthermore, there were no significant differences 
in estimates of mean gm when using the Alonso et al. (2009) fixed value or the curve 
fitting estimate of 𝛤∗, as determined using a Welch Two Sample t-test (t (9.7) = -0.37, P 
= 0.72).  However, when using the individual curve fitting estimate of 𝛤∗ , standard 
deviation increased within each line (Table 1-4) and the amount of erroneous gm 
estimations increased. For instance, one replicate of dic71, dic72 and of Tios was 
unusable due to unrealistically high or low gm for every step of the curve. The curve fitted 
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values of 𝛤∗ were averaged across the subset of lines: mean = 33.4 µmol mol-1 and S.D = 
12.5. Although very varied, the calculated mean was close to the Alonso et al. (2009) 
value of 32.0 µmol mol-1. Therefore, the Alonso et al. (2009) fixed value of 32.0 µmol 
mol-1 was used for each estimate of gm. Fixed values of 𝛤∗ have been used in other studies 
and in C3 plants 𝛤∗ has been considered relatively invariable (Warren 2006).   
Table 1-4 - A comparison determining how the use of a fixed value of Γ* (taken from Alonso et al., 
2009) influenced gm calculations, compared with using estimations of Γ* through the Bellasio et al. 
(2016) fitting tool. For each step of the A/Ci curves, gm was calculated using the Harley et al. (1992) 
model with a calibrated electron transport value (JCAL) following Bellasio et al. (2016). There were     
4 - 5 replicate A/Ci curves used for each of the six lines in the comparison. Means values and standard 
deviation are shown.  
  gm (Γ* = 32.0)     gm (Γ* = curve-fitting) 
Trait  n Mean S.D n Mean S.D 
dic12b 4 0.31 0.04 4 0.45 0.25 
dic71 5 0.51 0.10 4 0.35 0.19 
dic72 5 0.39 0.11 4 0.37 0.18 
Paragon 5 0.32 0.05 5 0.43 0.16 
Robigus 5 0.26 0.07 5 0.30 0.09 
Tios 5 0.22 0.06 4 0.23 0.10 
Trait units: gm = mol CO2 m
–2 s–1 ; Γ* =  µmol mol-1   
    
The accuracy of gm estimations can also be influenced by error in J calculations (Harley 
et al. 1992; Martins et al. 2013). Quantum yield of photosystem II (ΦPSII) is determined 
by the LI-COR following Genty et al. (1989): 
 
Where, within a light adapted leaf, a saturating light pulse is used to diagnose a maximal 
fluorescence reading (Fm’) and another reading is taken during steady-state fluorescence 
(Fs’). Then J is calculated by the LI-COR following: 
 
Where PPFD is the photosynthetic photon flux density, α is the absorbance of the leaf and 
β is the partitioning of energy between the two photosystems (Tomás et al. 2014). 
However, there can be inaccuracies associated with assumptions linked to this model 
(Martins et al. 2013). The assumption that α and β remain constant can be discredited by 
electron demand to alternative sinks (Bellasio et al. 2016). The parameter J can be 
calibrated under non-photorespiratory conditions (Warren 2006), these techniques do not 
rely on the previously mentioned assumptions and provide a better estimate of actual 
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biochemical leaf adenosine triphosphate demand (Bellasio & Griffiths 2014). Therefore, 
a method for determining a calibrated rate of electron transport (JCAL) to photorespiration 
activity was used for each step of the A/Ci curves following Bellasio et al. (2016):  
 
Where ΦPSII amb and ΦPSII low is ΦPSII measured under ambient and low O2 concentration 
respectively. Gross Assimilation (GA) was calculated following Bellasio et al. (2014):   
 
Where Alow is A at each step of the low O2 concentration A/Ci curve. In order to predict 
RL, respiration in the dark (RDARK) was measured for each leaf as an adequate estimation 
(Bellasio et al. 2014b; Tomás et al. 2013).  
Finally, using the JCAL values, gm was calculated with the Harley et al. (1992) model for 
each step of the ambient oxygen A/Ci curve. The gm values were averaged across the steps 
to provide a gm value per leaf. The A/Ci steps of 100 and 1200 ppm CO2 were excluded 
from the average, as the risk of unrealistic values of gm  increase at high or low Ci (Martins 
et al. 2013). Furthermore, following Martins et al. (2013) only gm values which were 
between 0 and 1 where included in the average.  
A/Ci Curves  
The parameters of A, gs, Ci, E and ΦPSII were taken from the first step (400 ppm CO2) of 
the ambient O2 A/Ci curve, as measurements of photosynthetic components at ambient 
CO2 conditions. The JCAL values shown in the results were calculated from the first step 
of both the ambient and low O2 A/Ci curves, using the method described in the gm 
calculation. The maximum photosynthetic rate (Amax) was taken from the 1200 ppm CO2 
step of the ambient O2 curve. A and E were also expressed on a per leaf basis: A (leaf
-1) 
and E (leaf-1), respectively, by multiplying A or E by the imaged area for each leaf.  
Following Bellasio et al. (2016), A/Ci curves under different oxygen concentrations were 
fitted for a subset of lines in the 2016 field trials (Paragon, Robigus, Tios, dic12b, dic71 
and dic72). The curve fitting was completed to extract the carboxylation efficiency for 
CO2 fixation at ambient O2 (CEamb) and SC/O. 
Measurement Time   
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Gas-exchange measurements were taken from 0900 to 1800. Care was taken to prevent 
any measurement bias, ensuring replicates of each line were measured at sporadic times 
during different days. To test for potential bias caused by measurement timings and 
circadian clock effects, the A results were separated into different groups based on the 
time of day measurements were taken. The groups consisted of early morning (0900 - 
1100), midday (1100 - 1300), early afternoon (1300 - 1500) and late afternoon (1500 - 
1800). Due to the unbalanced design a type II ANOVA was completed in RStudio (V-
3.4.3) with the ‘car’ package to test for potential variation in A between the measurement 
time groups (https://CRAN.R-project.org/package=car). There was no evidence of 
significant variation (F (3, 61) = 0.66, P = 0.58). However, chamber acclimatisation took 
longer during the late afternoon time period (visual observations).  
Replicate Number  
A small proportion of the measured A/Ci curves were unusable in the gm calculations due 
to a technical error or gs depletion. The technical error was caused by an IRGA match 
recovery issue, which sporadically influenced some of the A/Ci curve steps over 2 
measurement days. Spread across 6 lines, there were 8 replicates out of the total 69 
measured that were influenced by the error. The specific steps of each curve affected by 
the error were easily distinguishable. Therefore, although the affected curves were not 
used in the gm calculations, where the error had not influenced the ambient O2 A/Ci curve 
steps of 400 ppm and 1200 ppm CO2, the data were still used to extract other gas-exchange 
traits of interest (Table 1-5). In some replicates there was gs depletion after the ambient 
O2 A/Ci curve had been completed, this meant the low O2 A/Ci curve was not utilised. 
Although no gm calculations were made from these replicates, the ambient A/Ci curve was 









Chapter 1: Identifying Desirable Flag Leaf Photosynthetic Traits in Progenitor Species 
Tally Wright – September 2018   63 
Table 1-5 - The number of useable A/Ci curves measured in the 2016 field trial for the parameters 
extracted from the 400 ppm CO2 step, the 1200 ppm CO2 step and for the gm and JCAL calculations, 
in comparison to the total taken. CEAMB was estimated through A/Ci curve-fitting. 




CO2   
1200 





18209 T. dicoccum 5 5 5 5 - 
67-1 T. durum 6 6 4 3 - 
dic007 T. monococcum 5 5 5 5 - 
dic12b T. dicoccum 5 4 5 4 4 
dic71 T. dicoccoides 6 6 6 5 5 
dic72 T. dicoccoides 6 6 5 5 5 
Hoh501 T. durum 6 4 4 4 - 
Paragon T. aestivum 6 6 6 5 5 
Robigus T. aestivum 6 6 6 5 5 
SHW008 T. aestivum 6 5 6 4 - 
SHW012 T. aestivum 6 6 5 3 - 
Tios T. dicoccum 6 6 6 5 5 
Total  - 69 65 63 53 29 
 
The majority of leaves used in the gas-exchange analysis were measured for the other 
physiological parameters (Table 1-6).  
Table 1-6 - The number of replicates per line used for the other measured parameters in the 2016 
field trial. 
Line  Species FLA Δ





18209 T. dicoccum 5 5 5 5 5 5 5 5 
67-1 T. durum 4 4 4 2 4 4 4 4 
dic007 T. monococcum 5 5 5 5 5 5 5 5 
dic12b T. dicoccum 5 4 4 4 4 5 4 4 
dic71 T. dicoccoides 6 6 6 6 6 6 6 6 
dic72 T. dicoccoides 6 6 6 5 5 6 6 6 
Hoh501 T. durum 6 6 6 6 6 6 4 4 
Paragon T. aestivum 6 6 6 6 6 6 6 6 
Robigus T. aestivum 6 6 6 5 6 6 6 6 
SHW008 T. aestivum 6 6 6 6 6 6 5 5 
SHW012 T. aestivum 6 6 6 6 6 6 6 6 
Tios T. dicoccum 6 6 6 6 6 6 6 6 
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Statistical Analysis. 
All analysis was completed in RStudio (V - 3.4.3). One-way analysis of variance models 
(ANOVA) were fitted to test for significant variation in each trait across the lines. In the 
cases of an unbalanced design, where the number of replicates per line varied, a type II 
ANOVA was used instead with the ‘car’ package. However, this had little influence on 
the overall results. Residuals were extracted from each model and assumptions of 
normality were checked using a Shapiro-Wilk test. Where assumptions were violated, the 
non-parametric Kruskal-Wallis Rank Sum test was used in the place of an ANOVA. 
Homogeneity of variance was tested using a Bartlett's test. Where a non-parametric test 
was used, homogeneity of variance was tested using a Levene's test, which is part of the 
‘car’ package. As the assumptions of homogeneity of variance was violated in the grain 
yield data (Figure 1-19), a log transformation was used to stabilise sample variance before 
statistical analysis. In Figure 1-11 (b), Figure 1-14 (b) and Figure 1-16 (b) a Duncan’s 
new multiple range post-hoc test was used to determine significance grouping to aid 
visual comparisons. The Duncan’s test is part of the ‘agricolae’ package 
(https://CRAN.R-project.org/package=agricolae).  
Trait correlation matrices were created using the mean values of each of the 12 lines and   
Pearson’s correlation. The matrices were formed using the RStudio (V - 3.4.3) package 
‘corrplot’ (https://CRAN.R-project.org/package=corrplot). Finally, where described, 
multiple linear regression models were fitted to identify trait relationships not shown in 
the matrices. 
2017 field trial  
Material Sampling  
On the 25th and the 26th of May 2017, gas-exchange measurements were made on healthy 
leaves of main tillers. The plants were ranging in growth stage from GS37 - 47, the 
majority of measurements were made on flag leaves, except Tios and Robigus, where the 
youngest fully expanded leaf was measured, as the flag leaf was not fully expanded. 
Measurements were made between 11:00 to 15:00, on sunny clear days.  Four replicates 
of different plants were measured per line. Measurements were completed on 9 offspring 
lines, both T. dicoccoides parents, the hexaploid parent Paragon, the tetraploid mapping 
parents described in Chapter 3 and Robigus. As technical replicates, all lines of dic71 and 
dic72 were measured on both days. Furthermore, 2 replicates of Paragon and 3 of Robigus 
were measured on both days. These repeats were averaged over both days for the analysis.   
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Gas-exchange Measurements.  
A LI-COR-6400XT with a 2 x 3 cm standard LED head was used for the measurements 
made in the field. Chamber conditions were set to reflect the ambient environment.  A 
CO2 reference of 400 µmol mol
-1 was set. Humidity control was fully bypassed and 
ambient conditions were used, which fluctuated between 40 to 55% relative humidity. 
The PPFD was set to 1500 μmol m–2 s–1 (90% red and 10% blue light), which was shown 
to be near-saturating for field grown flag leaves in the 2016 field trial. Gas flow rate was 
set to 500 µmol s-1, block temperature was controlled at 23 ⁰C and the leaf chamber fan 
was set to fast. Leaves were measured half-way up, with the adaxial side facing the 
internal chamber light source. The leaves were left within the chamber to acclimatise for 
2 - 3 minutes, until steady-state A and gs was reached. The IRGAs were matched before 
each measurement. Where a leaf did not fully cover the 6 cm2 gasket area, the width of 
the central leaf region measured in the chamber was taken and multiplied by the gasket 
length (3 cm). Results were then recalculated on the new area basis.   
From this gas-exchange analysis, CO2 assimilation expressed on a per unit basis was used 
(A). Assimilation data were also calculated on a total leaf basis, A (leaf-1), by multiplying 
the mean A measurement by mean leaf area measurements for each line.   
Leaf Area Measurements.  
The main tiller flag leaf length and width was recorded on the first four plants to reach 
anthesis (GS61) of each line used in the gas-exchange analysis.  Flag leaf area was then 
estimated using the Teare & Peterson (1971) equation which is discussed further in 
Chapter 3. Due to the difference between measurement timings, the area measurements 
were not necessarily completed on the same leaves or plants as the gas-exchange analysis.    
Stomatal Density  
On the 4 plants not used for area measurements in each mini-plot, flag leaf stomatal 
density was estimated for dic71, dic72, Paragon and Robigus at GS61 on main tillers.  A 
droplet of Loctite Power Flex Ehyl-2-Cyanocrylate (Loctite, Düsseldorf, Germany) was 
dispensed onto a labelled frosted microscope slide. Halfway up the flag leaf, on an 
undamaged mesophyll section, the abaxial surface was firmly pressed to the glue on the 
slide for ~ 30 seconds. Slides were imaged using a Leica DM2500 Optical Microscope 
(Leica Biosystems, Nussloch, Germany) at 5x magnification. Using the Leica Application 
Suite software, one image was taken of a uniform mesophyll area for each leaf 
impression, avoiding damage and the main vein. 
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Using ImageJ (V - 1.51) a 0.3 mm2  square grid was imposed on to each image. Stomata 
were counted from the 5x images in three different 0.3 mm2  overlaid grid squares, the 
mean values were taken and stomatal density was calculated per mm2 (SD).  
Yield Analysis.   
The plants used for leaf area measurements were covered in a perforated plastic bag close 
to harvest (30th of July 2017) to prevent any potential ear loss or fragmentation.  The T. 
dicoccoides lines were bagged at a slightly earlier date to prevent spikelet loss due to ear 
shattering. The plants were pulled out of the field on the 3rd – 4th of August and transported 
to a drying wall for 72 hours before storage.  
Roots were subsequently removed and the remaining samples were weighed for biomass. 
Fertile and non-fertile tillers were counted; ears were then removed for threshing. The T. 
dicoccoides lines were all hand threshed. The offspring and bread wheat lines were 
threshed through a LD350 laboratory thresher (Wintersteiger, Ried im Innkreis, Austria), 
care was taken not to lose any seed in this processing. As described for the 2016 field 
trial, seed was weighed for grain yield and HI was calculated. There were four replicates 
per line, apart from dic72 where only three replicates were taken.    
Statistical Analysis 
The same methodology of statistical analysis was followed from the 2016 field trial. A 
large potential outlier was present in the A data for the line 31_12K (49.5 µmol m-2 s-1, 
shown in  Figure 1-20), this data point was removed in the ANOVA testing for significant 
variation in A across the different lines, as it caused violations of the assumptions of 
normality. This had little effect on the overall results of the ANOVA, the possible outlier 
was included in all other parts of the analysis and results. When testing for variation 
across line, the assumption of residual normality was violated in the 2017 grain yield 
results (Figure 1-22), therefore, a Kruskal-Wallis Rank Sum test was used instead of an 
ANOVA. 
In both the 2016 and 2017 field trial results, the bar graphs are presented with ranked 
mean values, from minimum to maximum, to aid visual comparisons between the 
extremes of the data. In all Chapters in this study, box plots are used to present data across 
both trials. The lower and upper hinge of each boxplot represents the first and third 
quartile, respectively. The median is also shown and the whiskers expand to the extremes 
of the data, unless an individual data point is 1.5 times the box length outside the inner 
quartile range, where that data point is marked by a black dot, representing a possible 
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outlier (R Core Team 2017). Additionally, red dots are overlaid on the boxplots to show 
primary data points. A slight random jitter has been applied to the red dots, so individual 
points are distinguishable.   
1.3 Results 
1.3.1 The 2016 field trial  
CO2 Assimilation  
Across the collection of wheat lines measured in the 2016 field trial, there was significant 
variation observed in both flag leaf A at ambient CO2 (F (11, 53) = 5.1, P = < 0.001) and 
flag leaf Amax (F (11, 51) = 3.0, P = 0.004). The ranked mean values for the assimilation 
traits are shown in Figure 1-8, where the T. dicoccoides line dic71 had the highest mean 
flag leaf A and Amax, 33.8 µmol CO2 m
-2 s-1 (S.D = 2.4) and 47.9 (S.D = 6.4), respectively. 
The dic71 line had a 36.2% and 52.6% higher mean A than the bread wheat lines Paragon 
and Robigus. The other T. dicoccoides line studied, dic72, had the second highest A (27.9 
µmol CO2 m
-2 s-1), but also the largest variation of the mean with a standard deviation of 
8.9. The T. dicoccum line dic12b had the second highest mean Amax (45.5 µmol CO2 m
-2 
s-1, S.D = 5.9), whereas the T. dicoccum line 18209 had the lowest mean A and Amax. 
Across the collection of lines there was a larger range in mean values of A compared to 
Amax, 15.8 µmol CO2 m














Figure 1-8 – Mean values of flag leaf CO2 assimilation values extracted from the ambient O2 A/Ci curves of the 
2016 field trial, shown at 400 ppm CO2 (a) and at 1200 ppm CO2 (b). Error bars show standard deviation. The 
ANOVA results are overlaid on each graph, indicating significant variation across lines. Sample size for each 
line is shown in Table 1-5. 
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An example of the A/Ci curves recorded during the 2016 field trial is shown in Figure 1-
9, for the lines: dic71, Paragon and Tios.    
 
Figure 1-9 - Example A/Ci curves taken at ambient O2 for the lines dic71 (T. dicoccoides), Paragon         
(T. aestivum) and Tios (T. dicoccum) from the 2016 field trial. Each point reflects mean values of A 
and Ci for each line. Standard error bars are shown (n = 5). 
Supply Components. 
The correlation matrix shown in Figure 1-10 provides an indication of which 
photosynthetic supply traits were linked to the variation in A. Significant correlations 
were observed between A and 6 supply component related traits, which were all positively 
correlated. Strong correlations with A were observed for JCAL and ΦPSII (Pearson’s 
correlation (r) = 0.92 and 0.86, respectively). The lines with the highest JCAL were the T. 
dicoccoides accessions dic71 and dic72 (Table 1-7). In comparison, ΦPSII was highest in 
dic71, but dic72 had a 17.8% lower mean which was the median of the collection. Paragon 
had the highest mean Chl within the collection (515.3 mg m-2, S.D = 37.2). There was 
some indication of a relationship between Chl and A, although the correlation test proved 
not to be statistically significant (r = 0.55 P = 0.06). 
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The means and standard deviation values for the 8 photosynthetic supply traits from the 
2016 field trial are shown in Table 1-7.  
 
Figure 1-10 – Pearson’s correlation matrix of photosynthetic supply traits measured in the 2016 
field trial. Mean values were used for each of the 12 lines, values are shown in Table 1-7. The upper 
right-hand triangle shows a colour heat map of pairwise correlation coefficients and significance 
thresholds for each paired comparison (*** P < 0.001; ** P < 0.01; * P < 0.05). The bottom left-
hand triangle shows the actual values of Pearson’s correlation coefficients for each paired 
comparison.  
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Table 1-7 - Mean values of the photosynthetic supply component traits for the wheat collection in the 2016 field trial. Standard deviation is shown (S.D). Gas-exchange 
derived measurements were taken from the A/Ci curves, sample size for each line is shown in Table 1-5. The sample size of each line for the other traits is shown in Table 1-
6.  
  gs gm ΦPSII JCAL Chl Δ
13C E RWC 
Trait  Mean S.D Mean S.D Mean S.D Mean S.D Mean S.D Mean S.D Mean S.D Mean S.D 
18209 0.18 0.07 0.25 0.05 0.27 0.06 143.3 37.5 407.3 61.9 20.36 1.04 1.98 0.61 81.8 4.9 
67-1 0. 31 0.09 0.38 0.12 0.35 0.03 212.5 10.4 469.0 61.4 20.93 0.52 3.00 0.46 74.9 0.8 
dic007 0.41 0.12 0.23 0.04 0.30 0.02 170.0 26.3 445.7 45.1 22.18 0.94 3.26 0.73 87.9 3.4 
dic12b 0.32 0.06 0.31 0.04 0.34 0.03 213.5 32.4 454.8 63.1 20.84 0.61 3.08 0.43 81.0 7.6 
dic71 0.37 0.06 0.51 0.10 0.37 0.02 255.0 25.4 507.9 23.2 22.94 0.66 3.61 0.56 78.0 4.9 
dic72 0.36 0.14 0.39 0.11 0.31 0.08 215.5 57.2 457.7 77.8 23.00 0.73 3.19 0.86 79.4 5.4 
Hoh501 0.21 0.09 0.21 0.02 0.31 0.03 184.2 14.1 461.1 27.2 20.54 1.12 2.14 0.63 76.8 4.9 
Paragon 0.28 0.04 0.32 0.05 0.31 0.03 214.2 10.8 515.3 37.2 21.25 0.93 2.73 0.18 86.0 2.7 
Robigus 0.27 0.07 0.26 0.07 0.31 0.05 183.8 20.4 466.0 30.9 21.66 0.91 2.53 0.46 90.5 3.3 
SHW008 0.29 0.09 0.23 0.03 0.30 0.03 180.1 25.7 473.6 25.5 21.28 1.15 2.70 0.55 83.2 4.6 
SHW012 0.33 0.11 0.26 0.03 0.30 0.02 195.6 29.5 463.3 44.1 21.17 0.71 3.07 0.93 76.0 14.0 
Tios 0.27 0.08 0.22 0.06 0.30 0.02 184.2 6.4 480.1 44.5 20.04 0.52 2.48 0.42 87.7 3.4 
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There was a significant positive correlation between A and gs (r = 0.74 P = 0.006). As gs 
and E are highly linked traits (r = 0.95 P = < 0.001), a strong correlation between A and 
E was also observed (r = 0.90 P = < 0.001). Significant variation was observed in gs across 
the collection (F (11, 53) = 2.53, P = 0.012), although the highest mean was found in 
dic007 (0.41 mol H2O m
-2 s-1, S.D = 0.12) which in comparison had a more medium 
ranked A (Figure 1-8). The T. dicoccoides also showed high gs and E; mean gs in dic71 
was 32.2% and 36.5% higher than in Paragon and Robigus, respectively. Leaf 
impressions were taken in the 2017 field trial for the T. dicoccoides and bread wheat lines 
(Figure 1-11), dic71 and dic72 had significantly higher stomatal density compared to the 






















Figure 1-11 - a). A ranked mean comparison from the 2016 field trial for gs measured at an ambient 
CO2 concentration (400 ppm CO2), standard deviation bars are shown and sample size for each line 
is shown in Table 1-5. ANOVA results are overlaid on the graph, indicating significant variation 
across lines.  b). Abaxial surface flag leaf stomatal density counts taken on four replicates of four lines 
included in the 2017 field trial, ANOVA and Duncan's new multiple range test Post-hoc grouping is 
shown. Lastly, an example impression of the abaxial side of a flag leaf from dic71 (c) and Paragon (d) 
is shown, taken at 10x magnification.   
d). 
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As discussed, the T. monococcum line dic007 had the highest mean E, but had a mean A 
close to the median in the ranked comparison. Therefore, the high water loss and moderate 
A resulted in low WUE (Figure 1-12). WUE varied significantly across the collection (F 
(11, 53) = 2.1, P = 0.04). Despite having comparatively high E, dic71 had the highest 
mean WUE (9.49 µmol CO2 (mmol H2O)
-1, S.D = 1.13), which was driven by the high A 
(Figure 1-8).  
 
Figure 1-12 - Per unit instantaneous water use efficiency (WUE) taken from the first step of the A/Ci 
curves from the 2016 field trial, mean values and standard deviation are shown. ANOVA results 
are overlaid on the graph, indicating significant variation between the lines. Sample size per line is 
shown in Table 1-5.   
There was a strong correlation between A and gm (r = 0.91 P = < 0.001), and significant 
variation was observed in gm across the collection of lines (F (11, 41) = 8.0 P = < 0.001). 
The highest mean gm were observed in the T. dicoccoides lines dic71 and dic72 (Figure 
1-13). The line dic71 had 2.5 and 2.3 fold higher gm than the T. durum line Hoh501 and 
the T. dicoccum line Tios, respectively. Both the T. dicoccoides lines had higher gm mean 
values than the bread wheat lines Paragon and Robigus (Table 1-7).  
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The mesophyll cross section analysis completed on a subset of lines from the trial 
identified a link between percentage intercellular airspace and gm (Figure 1-14). A 
significant linear regression model was fitted (F (6, 22) = 9.27, P = < 0.001, R2 = 0.64) to 
predict gm based on line name and intercellular airspace. As shown in Figure 1-13, gm was 
dependant on line (F = 10.1, P = < 0.001). Additionally, gm showed a significant positive 
regression with percentage intercellular airspace (F = 5.0, P = 0.036). Significant 
variation in mesophyll percentage airspace was observed across the 6 lines (Figure 1-14, 
F (5, 24) = 5.1, P = 0.002). The T. dicoccoides line dic72 had significantly higher 
intercellular airspace than the other species studied; dic71 also had high intercellular 









Figure 1-13 - Mean mesophyll conductance (gm) in the 2016 field trial collection. For 
selected steps of each replicate A/Ci curve, gm was calculated using the Harley et al. (1992) 
model with a calibrated electron transport value (JCAL) following Bellasio et al. (2016). 
ANOVA results were overlaid on the graph, indicating significant variation across the 
lines. Standard deviation bars are shown. Sample size per line is shown in Table 1-5.   
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Figure 1-14 – Flag leaf cross section analysis was completed on a subset 6 lines from the 2016 field 
trial with 5 replicates for each line. (a) A scatter plot showing the relationship between mesophyll 
percentage airspace and gm in the subset (one replicate was not available for dic12b, so n = 29). (b) 
Results from the flag leaf cross sectioning analysis, showing percentage mesophyll airspace across 
the subset of lines from the 2016 trial, ANOVA and Duncan's new multiple range post-hoc test 
grouping is shown (n = 5). Raw data points are overlaid on the boxplot in red. Images c). and d). 
show an example of variation in mesophyll airspace between dic72 (c) and Tios (d) individuals, 
images were taken of flag leaf cross sections at 60x magnification. The scale bar shown is 25 µm.  
d).  c). 
b).  
a).  
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Across the collection of lines in the 2016 field trial significant variation in Δ13C was 
identified (F (11, 54) = 7.0, P = < 0.001). There were significant positive correlations 
between Δ13C and a number of photosynthetic supply-related traits: gm (Figure 1-10, r = 
0.65 P = 0.02), A (r = 0.71 P = 0.01) and gs (r = 0.74 P = 0.006). The lines with both the 
lowest mean A and gs values, 18209, Hoh501 and Tios, had the lowest mean Δ
13C (Table 
1-7), and Hoh501 and 18209 had high WUE (Figure 1-12). The two lines with the highest 
A and high gs, dic71 and dic72, also had the highest Δ
13C of 22.94 ‰ (S.D = 0.66) and 
23.00 (S.D = 0.73), respectively. A significant linear regression model was found (F (12, 
52) = 9.90, P = < 0.001, R2 = 0.63) to predict Ci based on line and gs. Ci was dependant 
on line (F = 6.4, P = < 0.001) and also showed a significant positive regression with gs 
(F = 48.0, P = < 0.001). 
Demand Components. 
There were fewer traits linked to A in the photosynthetic demand correlation matrix 
shown in Figure 1-15 compared to the supply parameters (Figure 1-10). The means and 
standard deviation for the demand traits in the 2016 field trial are shown in Table 1-8. 
Only 3 traits of 7 showed correlation with A. The trait Amax had the highest positive 
correlation with A (r = 0.8 P = 0.002), where the line with the highest A, dic71, also had 
the highest mean Amax (Table 1-8). Similarly, the T. dicoccum line with the lowest A, 
18209, also had the lowest mean Amax which was 39.2% lower than dic71. No correlation 
was found between A and a number of traits, including Ci, FLA, N%, and SLA. 
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Figure 1-15 - Pearson correlation matrix of photosynthetic demand traits measured in the 2016 field 
trial. Mean values were used for each of the 12 lines, except for the trait CEamb as means were only 
available for 6 lines. The mean values used are shown in  Table 1-8. The upper right-hand triangle 
shows a colour heat map of pairwise correlation coefficients and significance thresholds (*** P < 
0.001; ** P < 0.01; * P < 0.05). The bottom left-hand triangle shows the values of Pearson correlation 
coefficients for each paired comparison.  
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Table 1-8 - Means values of the photosynthetic demand traits for the wheat collection in the 2016 field trial. Standard deviation is shown (S.D). Gas-exchange derived 





  AMAX FLA Ci N% SLA CEAMB 
Trait  Mean S.D Mean S.D Mean S.D Mean S.D Mean S.D Mean S.D 
18209 34.42 8.31 15.66 6.37 210.99 27.53 2.89 0.62 244.49 20.89 - - 
67-1 45.10 5.87 21.81 2.17 221.73 14.47 2.90 0.32 194.61 23.35 - - 
dic007 37.00 5.20 15.11 4.67 275.35 20.24 2.53 0.58 242.38 29.88 - - 
dic12b 45.54 5.88 24.76 3.82 230.85 0.78 2.77 0.22 222.95 21.53 0.16 0.02 
dic71 47.89 6.38 10.47 2.68 221.54 22.54 2.37 0.13 193.19 23.05 0.23 0.03 
dic72 38.62 11.28 11.85 4.28 241.43 27.72 2.44 0.53 215.79 26.33 0.19 0.03 
Hoh501 39.84 3.80 32.93 8.19 215.41 29.28 2.93 0.41 203.00 18.37 - - 
Paragon 40.66 3.86 39.54 5.80 223.84 13.63 3.16 0.76 203.17 28.75 0.15 0.02 
Robigus 35.37 2.16 22.27 8.86 237.69 12.77 2.28 0.34 207.63 29.52 0.14 0.01 
SHW008 36.27 3.46 26.58 9.80 238.03 22.03 2.86 0.90 209.56 31.71 - - 
SHW012 37.99 5.26 34.88 7.40 242.71 20.71 3.02 0.97 228.14 28.26 - - 
Tios 38.04 2.89 35.33 7.90 240.09 21.98 2.42 0.40 157.40 17.61 0.14 0.02 
Trait units: AMAX = µmol CO2 m-2 s-1; FLA = cm2; Ci = µmol mol-1; N % = %; SLA = cm-2 g-1 and CEAMB =  mol m-2 s-1 
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The trait CEamb was calculated on the subset of lines used in the mesophyll cross 
sectioning analysis (dic71, dic72, Robigus, Paragon, dic12b and Tios). Although the 
samples size of 6 mean values was small, there was strong positive correlation observed 
between A and CEamb (Figure 1-15, r = 0.97 P = 0.001). Across the subset of lines 
significant variation was observed in CEamb (F (5, 23) = 13.4, P = < 0.001). The two T. 
dicoccoides lines with the highest A and gm, had significantly higher CEamb than the 
domesticated lines Paragon, Tios and Robigus. No correlation was found between A and 
N%. Furthermore, N% did not significantly vary across the collection in the 2016 field trial 
(Figure 1-16, H = 17, d.f = 11, P = 0.11). Although no statistically significant difference 
was found, Paragon did have 33.3% and 29.5% higher mean N% content than the T. 















Figure 1-16 – a). Flag leaf percentage nitrogen content in the 2016 field trial, mean and standard 
deviation are shown. Kruskal-Wallis Rank Sum test results are overlaid on the graph. Sample size 
for each line is shown in Table 1-6. b). Carboxylation efficiency at ambient O2 concentration (CEamb) 
for a subset of lines in the 2016 field trial, extracted from A/Ci curve fitting (sample size is shown in 
Table 1-5). Raw data points are overlaid in red. ANOVA and Duncan's new multiple range post-hoc 
test grouping is shown. 
a). 
b). 
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To further explore the demand components driving the high A in the T. dicoccoides 
accessions, A was shown relative to leaf dry matter and N content (Table 1-9). For 
comparison, A was also expressed relative to the supply component Chl (Table 1-9). The 
two T. dicoccoides accessions had the highest means for all three methods of expressing 
the A results. The accession dic71 possessed the highest A relative to flag leaf dry matter 
content (estimated from the leaf core measurements), as this line had high A but a 
comparatively low SLA (Table 1-8), this variation was most likely driven by A. The T. 
dicoccoides individuals had considerably higher means of A relative to N%. Compared to 
the cultivated accessions (Table 1-9), the T. dicoccoides lines had both high A and a low 
mean N% content (Figure 1-16), suggesting a high photosynthetic nitrogen use efficiency. 
For A relative to the supply component Chl, the two T. dicoccoides accessions also had the 
highest mean values in the collection, whilst lower means were observed in the cultivated 
types: Hoh501, Tios and 18209 (Table 1-9). The dic71 line had a comparatively high 
mean Chl content (Table 1-7), so as with the expression of A relative to leaf dry matter 
content, variation in A may have had the largest impact on these trends.       
Table 1-9 – Mean values for each accession from the 2016 field trial showing flag leaf per unit CO2 
assimilation (A) in proportion to leaf dry mass, chlorophyll content (Chl) and nitrogen content (N). 
The number of replicates for each line used in the calculations are shown (n). S.D = standard 
deviation.   
  A A / dry mass A / Chl A / N 
Trait  n Mean S.D n Mean S.D n Mean S.D n Mean S.D 
18209 5  17.94  4.22  5 0.44 0.14 5 43.78 4.88 5 15.45 3.80 
67-1 6  27.52  3.81  4 0.51 0.10 4 55.93 4.59 4 17.65 3.58 
dic007 5  23.77  4.70  5 0.59 0.18 5 53.90 12.00 5 23.01 3.84 
dic12b 4  27.10  4.49  3 0.56 0.06 4 62.13 7.25 3 20.77 1.86 
dic71 6  33.79  2.40  6 0.66 0.11 6 66.64 5.66 6 27.58 4.05 
dic72 6  27.94  8.94  5 0.61 0.19 6 60.71 14.09 5 26.39 7.08 
Hoh501 4  19.43  3.29  4 0.39 0.10 4 41.43 7.91 4 14.00 5.15 
Paragon 6  24.81  3.01  6 0.50 0.08 6 48.54 8.25 6 16.24 2.66 
Robigus 6  22.14  4.63  6 0.47 0.14 6 47.33 8.18 6 20.37 5.06 
SHW008 5  23.01  2.83  5 0.48 0.08 5 47.90 4.88 5 18.08 3.90 
SHW012 6  23.94  4.14  6 0.54 0.09 6 51.67 7.26 6 18.83 4.38 





A = µmol CO2 m-2 s-1; A / dry mass = µmol CO2 g dry mass s-1;  
A / Chl = µmol CO2 g-1 chlorophyll s-1; A / N = µmol CO2 g-1 N s-1. 
There was limited evidence that Δ13C was influenced by components associated with 
photosynthetic demand, as fewer demand traits correlated significantly with Δ13C. For 
example, no significant correlation was found with either Amax or N% (Figure 1-15). 
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Because gs and Ci showed a significant regression, the supply function seems to have 
predominated over demand, as represented by Amax and N% (Figure 1-15). 
Although not statistically significant, there was an indication of a negative correlation 
between A and the photosynthetic demand component FLA (r = -0.42 P = 0.17). Across 
the collection in the 2016 field trial, significant variation was observed in FLA (Figure 1-
17, F (11, 55) = 12.8, P = < 0.001). There was a range of 29.1 cm
2 across the mean values 
of FLA in the collection of lines grown in the 2016 field. The line with the highest mean 
A, dic71, also had the smallest mean FLA. Paragon had a 3.8 and 3.3 fold larger mean flag 
leaf than dic71 and dic72, respectively. Therefore, when A is considered on an absolute 
basis, Paragon had the highest A (flag leaf-1) mean of 0.099 µmol CO2 leaf
-1 s-1 (S.D = 
0.025). The ranked means for A (flag leaf-1) are shown in Figure 1-17, where significant 
variation was observed across the trial (F (11, 51) = 9.1, P = < 0.001). The two lines with 
the lowest gm and comparatively low A (Figure 1-8), Hoh501 and Tios, had an 89.5% and 
106.1% higher mean A (flag leaf-1) respectively than dic71, which was the line with the 
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In terms of absolute area based E (flag leaf-1), significant variation was found across the 
collection (F (11, 51) = 7.9, P = < 0.001). Following the same trend as A (flag leaf-1), the 
highest E (flag leaf-1) was found in Paragon (Figure 1-18). Paragon had a 2.85 fold higher 
water expenditure than the T. dicoccoides line dic71. Overall 18209 had the lowest mean 
A and E (flag leaf-1).    
Figure 1-17 – a). Ranked mean flag leaf area (FLA) in the 2016 field trial for each line, calculated 
from image analysis using ImageJ (V - 1.51). b). Ranked mean CO2 assimilation shown on a per flag 
leaf basis for each line from the 2016 field trial, calculated through multiplying A by FLA. Both plots 
show standard deviation bars. Sample size for each line is shown in Table 1-5 and Table 1-6. ANOVA 
results were overlaid on each graph, indicating significant variation across the lines. 
a). 
b). 
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Yield components. 
Across the subset of lines taken from the 2016 field trial that were included in the cross 
section analysis, significant variation was observed for every yield component trait shown 
in Figure 1-19 (P = < 0.01). Mean grain yield was 6.4 and 6.2 fold higher in Tios and 
Paragon respectively, compared to dic71. Robigus yielded considerably lower (mean 3.0, 
S.D = 1.2) than the expected for winter wheat; this was shown to be anomaly created in 
the experimental design when compared to the yields observed in the 2017 trial shown in 
the next section. HI was highest in both the hexaploid lines, Paragon and Robigus when 
compared to the tetraploids (Figure 1-19). Tiller number was highest in the T. dicoccum 
line dic12b (mean = 20.4, S.D = 4.2) and lowest in the highest yielding lines Tios and 
Paragon. Biomass was comparatively high in Tios compared to the other lines, 3.0 and 
2.2 fold higher than dic71 and Robigus, respectively. Robigus has the lowest biomass in 







Figure 1-18 – Mean transpiration expressed on a per flag leaf basis for each line in the 2016 field 
trial, calculated through multiplying E by FLA. Standard deviation bars are shown, sample size for 
each line is shown in Table 1-5 and Table 1-6. ANOVA results are overlaid on the graph, indicating 
significant variation across the lines. 
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Figure 1-19 – The means and standard deviation of yield component data averaged from 
single plants of six lines from the 2016 field trial.  Grain yield (a), harvest index (b), tiller 
number (c) and biomass (d) are shown. Five replicates were used for each line, except 
dic72 where there were four. ANOVA results are overlaid on the graphs, indicating 
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1.3.2 The 2017 field trial  
The 2017 field trial supported trends observed in the 2016 trial, in particular that the T. 
dicoccoides lines dic71 and dic72 had high A (Figure 1-20). Significant variation was 
found across the collection (F (14, 44) = 6.7, P = < 0.001). The line dic71 had a mean 
42.6% and 25.3% higher A than the bread wheat lines Paragon and Robigus, respectively. 
For the parental lines measured in both trials, the A mean values were considerably higher 
in the 2017 trial compared to 2016 (e.g. 18.1% and 12.7% higher in dic71 and Paragon, 
respectively). Mean A was 43% higher in Robigus in the 2017 trial compared to 2016, 
increases were also observed in leaf area and grain yield suggesting the later sowing date 
in the 2016 influenced the performance of the line. The majority of the offspring lines in 
the 2017 field trial had higher mean A than the hexaploid parent Paragon, excluding 
32_23I and 31_07K. The offspring line 32_23D had a slightly higher mean than the T. 
dicoccoides parent dic72. However, the other offspring lines did not have as high mean 
A as the tetraploid parents (Figure 1-20). There was a 2.78 µmol CO2 m
-2 s-1 mean 
difference (S.D = 5.3) between the plants measured across both days. The individuals 
measured on the first day of measurements had a higher mean than on the second (35.7 
compared to 32.9 µmol CO2 m
-2 s-1). However, there was not strong evidence to suggest 
the variation was significant (determined using a two-tailed paired t-test: t = 1.905, df = 
12, P = 0.081) and thus no correction for the date variation was applied. 
Figure 1-20 – Measurements of leaf CO2 assimilation taken at ambient condition on single plants in the 
2017 field trial. All measurements were taken on flag leaves excluding Robigus and Tios. The red dots 
indicate individual data points overlaid on the box plots. A selection of offspring lines, formed through 
crossing tetraploid and hexaploid individuals, were measured in the 2017 field trial with the parental lines. 
ANOVA results are overlaid on the boxplot, indicating significant variation between the lines. 
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 Leaf area followed the same trend as the 2016 field trial, where Paragon had a mean 3.2 
and 2.7 fold larger flag leaf than the T. dicoccoides lines dic71 and dic72 (Figure 1-21). 
Significant variation in leaf area was observed across the offspring and parental lines 
assessed in the trial (F (14, 45) = 16.6, P < 0.001). The 31_07K offspring accession had 
the largest mean flag leaf area (53.5 cm2, S.D = 2.8) and lowest mean A. The gas exchange 
results for this line may have been influenced by measurement timing, as it was the last 
accession to be analysed in the collection. There were 8 offspring individuals with higher 
flag leaf area than the T. dicoccoides parents and higher A than the Paragon hexaploid 
parent: 32_23D, 31_12K, 32_23G, 32_16E, 32_16E, 32_21C, 31_07L and 32_23E. 
Although the same leaves were not necessarily used in both measurements, simple linear 
regression was used to estimate A based on leaf area using mean values for each line; a 
significant negative relationship was observed (F (1, 13) = 8.1, P = 0.014) with an 
adjusted R2 = 0.34. Using these estimates of mean A and leaf area for each line in the 
2017 field trial, an estimate of A (leaf-1) per line was calculated (Table 1-10). Only one 
offspring accession, 31_12K, had a higher A (leaf-1) than the bread wheat lines Paragon 
and Robigus. The mean A for this accession may have been influenced by a possible 
outlier present in the data (Figure 1-20), where a reading was taken at 49.5 µmol m-2 s-1. 
None of the other offspring lines had as high A (leaf-1) as Robigus and Paragon (0.142 
and 0.136 µmol leaf-1 s-1, respectively). However, the offspring lines, 31_07L and 
32_23D, were close with 0.134 and 0.131 µmol leaf-1 s-1, respectively. 
Figure 1-21 – Leaf areas calculated from leaf length and width measurements of single plants in 
the 2017 field trial. All measurements were completed on flag leaves, except Tios and Robigus. The 
red dots indicate raw data points overlaid on the box plots. The same selection of lines as measured 
in the leaf photosynthesis measurements are shown. ANOVA results are overlaid on the boxplot, 
indicating significant variation between the lines. 
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Table 1-10 - Mean values of A and leaf area for each line, determined from measurements made in 











Both grain yield (Kruskal-Wallis rank sum test: H = 29.7, d.f =10, P= < 0.001) and 
biomass (F (10, 32) = 2.35, P = 0.03) varied significantly across the lines included in the 
gas-exchange analysis in the 2017 field trial (Figure 1-22). The lines 32_16E and 32_23I 
demonstrated pre-harvest ear shattering and were removed from the analysis.  Following 
the same trend as observed in the 2016 field trial, the lowest grain yields were observed 
in the T. dicoccoides lines dic72 and dic71, where the highest yielding line Paragon had 
a 4.8 and 4.3 fold higher grain yield than dic72 and dic72, respectively. The grain yields 
were considerably higher in the 2017 field trial compared to 2016 trial, for all the lines 
included in both years. This was particularly evident in Robigus plants, where there was 
an 8.9 fold higher mean grain yield in 2017 compared to the 2016 trial. Out of the 
offspring individuals, none yielded higher than the hexaploid parent Paragon. Biomass 
followed a similar trend to grain yield, where the T. dicoccoides lines dic72 and dic71, 
had considerably lower biomass than the cultivated wheats Paragon and Robigus. The 




Trait  A Leaf area  A (leaf-1) 
dic71 39.89  15.27  0.061 
dic72 34.74  17.70  0.061 
Paragon 27.97  48.64  0.136 
Robigus 31.82  44.77  0.142 
31_07K 17.73  53.51  0.095 
31_07L 29.63  45.14  0.134 
31_12K 33.57  50.46  0.169 
32_16E 31.00  41.57  0.129 
32_21C 30.76  24.55  0.076 
32_23D 35.35  37.06  0.131 
32_23E 29.30  29.39  0.086 
32_23G 31.53  31.98  0.101 
32_23I 26.44  37.88  0.100 
dic12b 29.90  31.88  0.095 
Tios 28.31 44.52 0.126 
Trait units:  
A = µmol CO2 m-2 s-1; FLA = cm2; A (flag leaf-1) = µmol CO2 leaf-1 s-1. 
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A simple linear regression model was used to test the effect of mean A, leaf area and A 
(leaf-1) on mean grain yield and biomass. No significant regression model was found 
between A and grain yield (plant-1) or for the effect of A and leaf area on biomass. A 
significant model, with a positive regression, was fitted for leaf area and grain yield (F 
(1, 9) = 8.25, P = 0.02, Figure 1-23) with an adjusted R2 of 0.42. Furthermore, a significant 
model, with a positive regression, was also fitted for A (leaf-1) and grain yield (F (1, 9) = 
8.28, P = 0.02, Figure 1-23) with an adjusted R2 of 0.42. Lastly, A (leaf-1) had a significant 
Figure 1-22 - Grain yield (a.) and biomass (b.) per plant from the 2017 field trial for a selection of 
the offspring wheat lines (formed through tetraploid and hexaploid crossing) and parental lines. 
The red dots indicate individual data points overlaid on the box plots. a). Kruskal-Wallis Rank Sum 
test (a.) and ANOVA (b) results are overlaid on the boxplots, indicating significant variation 
between the lines. 
a). 
b). 
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effect on biomass, where a positive linear relationship was identified (F (1, 9) = 4.95, P 

























Figure 1-23 – Significant regression models from the 2017 field trial, showing a positive regression 
between: FLA and grain yield (a); A (leaf-1) and grain yield (b); A (leaf-1) and biomass (c). Mean values 
from 4 replicate plants were used for each data point. Data were available for 7 tetraploid and 
hexaploid crossing offspring accessions, the hexaploid parent (Paragon), the two tetraploid parents 
(dic71 and dic72) and the elite bread wheat ‘Robigus’. Therefore, sample size was 13 with 4 replicates 
for each line.   
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1.4 Discussion. 
1.4.1 CO2 Assimilation 
Across the trials in both years, flag leaf A varied significantly in the studied material. 
Significant variation in rates of photosynthesis between different cultivar flag leaves of  
field grown wheat has been observed in a number of other studies (Carmo-Silva et al. 
2017; Driever et al. 2014; Gaju et al. 2016). The two T. dicoccoides lines had the highest 
A per standardised unit leaf area measured at ambient conditions (400ppm CO2, Figure 
1-8), these results follow trends observed by Austin et al. (1982) where the wild T. 
dicoccoides had a higher per unit CO2 assimilation rate (35 mg CO2 dm
-2 h-1) than the T. 
aestivum, T. durum, T. dicoccum and T. monococcum lines included in the analysis. Flag 
leaf A is considered to have dropped through the domestication of modern wheat (Evans 
& Dunstone 1970) and high photosynthetic capacity is commonly found in T. dicoccoides 
individuals (Carver & Nevo 1990; Nevo et al. 1991). In the present study, high mean A 
was observed in the dic71 individuals, particularly within the 2017 field trial (mean = 
39.9 µmol CO2 m
-2 s-1). Carver & Nevo (1990) also found high A of T. dicoccoides grown 
in a growth chamber (32.4 µmol CO2 m
-2 s-1). The high values of A found in the present 
study, particularly in the 2017 field trial, are a demonstration of the combined effect of 
genetics x environment (favourable field agronomic conditions and irrigation). 
1.4.2 Photosynthetic Supply Components  
Light Capture Capacity  
A number of supply-side component traits were linked to the high A observed in the T. 
dicoccoides lines. The traits related to photochemistry, JCAL and ΦPSII, were strongly 
correlated with A (Figure 1-10). The regeneration rate of the acceptor molecule RuBP in 
the CBC cycle is a limitation to carbon fixation (Farquhar et al. 1980) and is influenced 
by the supply of products from the light dependant reactions. Photochemistry traits, such 
as electron transport and ΦPSII, are proxies for estimating the capacity of supply from 
those reactions and therefore scale with A (Edwards & Baker 1993; Genty et al. 1989). 
As CO2 assimilation is the primary sink for energy from photochemistry (Edwards & 
Baker 1993), the high JCAL and ΦPSII observed for the T. dicoccoides line dic71 (Table 1-
7), was linked to the high electron sink and demand associated with high A. Measurements 
taken in the absence of photorespiration can increase the clarity of the relationship 
between A and electron transport (Murchie & Lawson 2013). The estimates of electron 
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transport in the present study were made following a calibration for photorespiration 
(Bellasio et al. 2016), which could have contributed to the high correlation coefficients 
observed (Figure 1-10). The trends observed help validate the use of JCAL and ΦPSII  as 
high throughput proxies for CO2 assimilation of field grown material. Although a positive 
correlation was observed, Chl was not as highly associated with CO2 assimilation as the 
other photochemical parameters. JCAL and ΦPSII are instantaneous spot measurements 
which may be more likely to correlate with the measure of A taken at the same time. In 
comparison, Chl may reflect a more long term investment of the leaf into light capture 
capacity over the season. Light limitation can be detrimental to grain yields in the UK 
(Beed et al. 2007).  Paragon had the highest mean Chl, which may be a reflection on past 




Figure 1-24 – a). A map showing the coordinates that a subset of accessions were previously collected from. 
The UK locations of breeding companies that released the cultivars ‘Paragon’ and ‘Robigus’ were used. 
The map was formed using the ‘rworldmap’ package in RStudio (V - 3.4.3, South 2011). b). A map showing 
average annual precipitation (mm) by country using data from: www.data.worldbank.org. The map was 
adapted from: www.commons.wikimedia.org/wiki/File:Countries_by_average_annual_precipitation.png. 
c). A heat map showing a long term average of horizontal global irradiation (kWh m-2). Adapted from: 
www.solargis.info (SolarGIS © 2014 GeoModel Solar).  
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CO2 supply 
Stomatal Conductance 
In the 2016 field trial, the main determinants of CO2 supply to the sites of carboxylation 
(gs and gm) were both highly correlated with A (Figure 1-10). The parameter gs often 
strongly correlates with CO2 assimilation (Wong et al. 1979). The highest gs was found 
in the T. monococcum line and the two T. dicoccoides lines. In T. dicoccoides high gs has 
been previously observed in comparison to cultivated hexaploid varieties (Johnson et al. 
1987a). Although the relationship can be complicated, anatomical features of the leaf such 
as stomatal density and size can influence gs (Lawson & Blatt 2014). The two T. 
dicoccoides lines possessed a significantly higher stomatal density than the hexaploid 
varieties Paragon and Robigus (Figure 1-11), which is a trend previously observed in 
other comparisons between progenitor tetraploids and modern hexaploids (Austin et al. 
1982; Dunstone et al. 1973). High gs in the T. dicoccoides lines was also linked to the 
high E (Table 1-7). The increased per unit water expenditure does not correspond to the 
arid environment from where these accessions originate (Figure 1-24). The T. dicoccoides 
lines had an earlier heading date and flowering time than the cultivated varieties (see: 
Appendix 4), which is known to be linked to drought avoidance (Kenney et al. 2014; 
Shavrukov et al. 2017) and is a strategy previously observed in T. dicoccoides (Peleg et 
al. 2005). Species that originate from drought prone environments can develop strategies 
to maintain high gs and water uptake under mild water deficits (Read & Farquhar 1991), 
the high E losses might reflect efficient utilisation of resources when available. However, 
in terms of dic71, the high carbon gain associated with the high water loss, resulted in the 
highest WUE in the collection. Similarly, Parmer (2005) found that T. dicoccum 
individuals possessed high WUE due to increased photosynthetic rates. If E is considered 
on an E (flag leaf-1) basis, dic71, dic72 and dic007 had some of the smallest ranked mean 
water losses per flag leaf (Figure 1-18). Therefore, the high per unit water expenditure 
seems to be more advantageous to overall flag leaf water use when considered on a total 
area basis. To maintain a high per unit water expenditure and improve adaptation to a 
drought prone environment (Figure 1-24), the progenitor lines may possess effective 
stomatal sensitivity to fluctuating environmental conditions. Slow stomatal responses to 
varying light conditions are limiting to productivity within a crop canopy (Lawson et al. 
2012). The progenitor lines might be a possible source of diversity for improved stomatal 
sensitivity in modern wheat and further work is needed to confirm this.  
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Conclusions about potential water deficits cannot be informed by the RWC 
measurements, as the detached tillers were stored in water before leaf cores were taken at 
the end of each measurement day (~18:00 h). This procedure was followed to minimise 
potential damage to the flag leaves until leaf cross section samples were taken for the 
airspace analysis.    
The Δ13C results can be informative of limitations on leaf carbon fixation, provided one 
recognises the interplay between supply and demand components of photosynthesis 
(Farquhar et al. 1982; Seibt et al. 2008).  However, there was greater evidence that both 
the high or low Δ13C signals were led by the stomatal and mesophyll supply components 
in the 2016 field trial. The results indicated that Ci was influenced by gs, rather than 
proxies for photosynthetic demand, including Amax or N%. The T. dicoccoides lines 
showed both high Δ13C and gs. Increases in gs can increase the ratio of Ci / Ca leading to 
higher Δ13C (Farquhar et al. 1982, 1989), simply indicating that CO2 can diffuse more 
easily in and out of the leaf due to increased gs (Richards & Condon 1995). If the high 
Δ13C and Ci / Ca were led by low CO2 demand, then traits linked to photosynthetic 
capacity, including Amax and N% would negatively correlate with Δ
13C; which was not 
observed. The accessions with the highest photosynthetic capacity, dic71, had 
comparatively high Δ13C, reinforcing that supply components had the largest impact on 
the Δ13C signals. In other studies, T. dicoccoides and T. dicoccum accessions have 
demonstrated significantly lower Δ13C than cultivated wheat (Konvalina et al. 2011; 
Peleg et al. 2005). In this study, a number of the cultivated lines (18209, Hoh501 and 
Tios) had the lowest Δ13C mean values. These accessions had the lowest ranked gs (Figure 
1-11)  and low to moderate ranked means of Amax (Figure 1-8), reinforcing further that 
CO2 supply led the Δ
13C signals, and ultimately, may have imposed the greatest limitation 
to flag leaf photosynthesis in these individuals.    
Conversely, it could be argued that low CO2 demand may have resulted in a reduction in 
gs. There are augments both for and against stomatal response being linked photosynthetic 
activity in the mesophyll (Lawson et al. 2014). Johnson et al. (1987) also observed a 
correlation between A and gs, although they concluded that as A did not correlate with Ci, 
CO2 supply was not necessarily important in determining photosynthetic differences 
across wheat ploidy. The parameters of Ci and A did not correlate in the present study 
either. However, this interpretation may be overlooking factors such as internal leaf CO2 
supply. Following Fick’s law, the diffusion of CO2 assimilation into a leaf (A) can be 
simplified to: A = gs (Ca – Ci), where Ca – Ci reflects the drawdown between Ca and Ci 
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caused by mesophyll photosynthesis (Gilbert et al. 2011). If gs is high but A is 
comparatively low (such as dic007), this would indicate limitations in mesophyll 
photosynthesis rather than CO2 supply. However, one issue with this simplification is the 
potential variation in the diffusive restrictions of Ci – Cc (Warren & Adams 2006), where 
Cc is the chloroplast CO2 concentration. Control of the CO2 gradient within the leaf (Ci – 
Cc) is determined by gm, which consequently has a significant impact on Rubisco capacity 
and efficiency over the growing season (Evans & Von Caemmerer 1996). Therefore, if gs 
is non-limiting, Ca – Ci or more appropriately Ca – Cc, is determined by the downstream 
photosynthetic demand component and gm.  
Mesophyll Conductance 
The T. dicoccoides lines with the highest gm also had the highest ranked means of A 
(Figure 1-13). In comparison, gm was lower in the domesticated wheat and lowest in the 
lines with the smallest A means (Hoh-501 and Tios). These results indicate that gm was 
an important determinant of the variation in A, which is an interpretation supported by 
similar correlations observed in other studies (Barbour et al. 2015; Evans & Von 
Caemmerer 1996; Tazoe et al. 2009; Tomás et al. 2014). There have been limited 
investigations into how gm varies across wheat ploidy. The grasses group are considered 
to have comparatively high gm (Flexas et al., 2012), which may have been decreased 
through the domestication of wheat, as negative correlations have been observed with gm 
and potentially desirable flag leaf traits including leaf N content and Leaf Mass Area 
(LMA, Gu et al. 2012). Supporting this hypothesis is evidence in the present study where 
a significant correlation was observed between percentage mesophyll intercellular 
airspace and gm (Figure 1-14). Increased mesophyll airspace proportion is an anatomical 
feature that promotes higher gm (Evans et al. 2009; Loreto et al. 1992; Parker & Ford 
1982). Increases in intercellular airspace volume can increase gm, as CO2 travels through 
air faster than in water, so an extension of the passage through air rather than water is 
advantageous (Evans & Von Caemmerer 1996). Secondly, higher mesophyll airspace 
increases mesophyll cell surface area exposed to those airspaces (Slaton & Smith 2002), 
leading to a higher chloroplast exposure to the airspaces, which is an important 
characteristic in promoting higher gm (Evans et al. 2009; Tomás et al. 2013).   
Visual observations during the image analysis of mesophyll airspace indicated that 
stomatal cavities appeared to have a large positive influence on the percentage mesophyll 
airspace. Stomatal density was highest in the T. dicoccoides accessions, which would 
have increased the frequency of stomatal cavities across the leaf and may have contributed 
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to the high percentage of airspaces and gm observed. Furthermore, correlations between 
gs and gm were observed across the collection and have been observed in literature (Flexas 
et al. 2013; Loreto et al. 1992). A disassembly between the relationship of gs and gm has 
been shown (Barbour et al. 2015), which could be fundamental in ideotype design for in 
a drought prone environment, where gs needs to be reduced to minimise water loss and 
gm needs to be increased to promote CO2 supply.  
For the methods used in this chapter, measurements of both percentage intercellular 
airspace and gm were time consuming and expensive. It would be inconceivable to use 
these techniques for selection in large breeding programs and a suitable proxy needs to 
be identified. Within the present study, no link was found between SLA and gm. However, 
other studies have found negative associations between leaf mass per area and gm (Flexas 
et al. 2008, 2013; Tomás et al. 2013). These observations, coupled with the positive 
association observed between percentage intercellular airspace and gm in the present 
study, are indicative that measurements of per unit leaf mass and thickness could be used 
as a suitable proxy. Measurements of leaf mass can be easily obtained in a high 
throughput manner (Vile et al. 2005), but further analysis is required to validate the link 
to gm or intercellular airspace for development as a proxy.          
1.4.3 Demand Components  
Carboxylation Capacity and Activity  
The photosynthetic demand components were not as highly linked to A as the supply 
components. The trait Amax had a strong positive correlation with A and was highest in the 
three tetraploid lines (dic71, dic12b and 67-1), followed by the hexaploid variety Paragon. 
Measurements of photosynthetic capacity (Amax) can be less informative compared to 
operational CO2 assimilation (A), as limitations imposed by CO2 supply are removed 
(Driever et al. 2014). Also Amax can be impacted mostly by triose phosphate use (TPU) 
limitation, which is a state not observed under field conditions (Sharkey et al. 2007). 
However, Amax is a useful parameter in determining maximum operating capacity of the 
demand components, in the absence of limitations imposed by CO2 supply. For instance, 
in 64 wheat cultivars, Carmo-Silva et al. (2017) found Amax to scale with leaf Rubisco 
content and carboxylation capacity. Although no link was found between N% and Amax in 
the present study, a correlation was identified with CEamb. Cultivated wheat has been bred 
for increased N uptake leading to a higher N%, which could translate to an increased 
photosynthetic capacity (Makino 2011). However, the T. dicoccoides accession dic71 had 
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the highest Amax out of the collection (Figure 1-8) which would refute this link. Selection 
for traits related to agronomic performance, aside from photosynthesis, may have 
decreased photosynthetic capacity in modern varieties (Driever et al. 2014). Variation in 
A across the collection was greater than variation in Amax, indicating that limitations in 
operational CO2 assimilation (A) impose more variation in flag leaf photosynthesis than 
variation associated with photosynthetic capacity.    
The carboxylation activity of Rubisco is a limitation to carbon fixation (Farquhar et al. 
1980) and a restriction that reflects the boundaries imposed by photosynthetic 
downstream demand. Rubisco is a major target for crop improvement due to a slow 
catalytic turnover and inefficiency (Carmo-Silva et al. 2015; Orr et al. 2016; Parry et al. 
2011). The initial linear relationship between A and Ci is termed CEamb and was positively 
correlated with both A and Amax (Figure 1-15). At low Ci the major limitation of A is 
imposed by Rubisco, so principally CEamb can be informative of Rubisco activity (von 
Caemmerer 2000). The highest CEamb was found in the T. dicoccoides lines dic71 and 
dic72, which was significantly higher than the cultivated hexaploids. Merchuk-Ovnat et 
al. (2016b) observed increases in carboxylation efficiency in hexaploid wheat linked to 
an introgression from T. dicoccoides on chromosome 7A. As correlations have been 
observed between Rubisco activity and content (Carmo-Silva et al. 2017), the 
interpretation could be made that the T. dicoccoides had a higher per unit Rubisco content. 
However, no correlation in the present study was found between CEamb and N% and no 
significant variation was found in N% across the collection in the 2016 trial, although the 
T. dicoccoides lines had some of the lowest ranked means. Additionally, when A was 
expressed relative to N% the T. dicoccoides individuals had the highest mean values. If 
the smaller flag leaves observed in the T. dicoccoides lines led to an increased 
concentration of photosynthetic demand apparatus (e.g. Rubisco), there would be a lower 
proportion of A to N%. Furthermore, there was little evidence of a dilution effect on N% 
caused by flag leaf size, as accessions with large FLA had some of the highest N% (e.g. 
Paragon and SHW12). The fact that the individuals with the highest A had the lowest N%, 
suggests that supply components may have imposed a greater limitation than demand to 
variation in A across the collection and that there may have been an overinvestment in 
some accessions intondemand components. A high proportion of A to N% could also 
indicate high photosynthetic nitrogen-use efficiency and higher Rubisco activity (Poorter 
& Evans 1998). Leaf N allocation to photosynthetic pathways can be separated into two 
categories: enzymes involved in the CBC cycle (e.g. Rubisco) and thylakoid N (e.g. light 
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harvesting components) (Evans 1989; Mu et al. 2016). As the T. dicoccoides lines 
originate from a high irradiance environment (Figure 1-24), over investment of N to light 
harvest components may be unnecessary or even potentially damaging. Higher light 
absorption than energy utilisation through photosynthesis can lead to detrimental effects 
and the production of reactive oxygen species (Lawson et al. 2012). Reduction of 
investment into light harvest components may have resulted in a larger pool of N available 
for photosynthetic demand components in the progenitor lines. Alternatively, cultivated 
varieties may have been unintentionally bred for increased allocation to thylakoid N, at 
the expense of investment into the CBC cycle. Supporting this hypothesis is the high Chl 
and low CEamb observed in Paragon (Table 1-8). Validation of this hypothesis could be 
achieved through comparisons of actual flag leaf Rubisco content and parallel gas-
exchange measurements. However, Driever et al. (2014) found a weak correlation 
between Rubisco content and CEamb, suggesting the variables are not dependant.  
Area Based Leaf Photosynthetic Capacity  
In the 2017 field trial, a negative trade-off was apparent between A and FLA. This is a 
common observation in studies of flag leaf photosynthesis across the wheat ploidy 
continuum  (Austin et al. 1982; del Blanco et al. 2000; Evans & Dunstone 1970) and 
supports the hypothesis that there has been a loss of A through domestication. Increased 
leaf area can result in a dilution of per unit area photosynthetic apparatus (Long et al. 
2006). Khan & Tsunoda (1970) found that due to an extended flag leaf area, domesticated 
varieties possessed a lower N%, leading to lower photosynthetic rate per unit area at the 
expense of increased light capture. Contradictorily to this observation, no significant 
relationship was found between FLA and N% in the present study. Furthermore, no 
association between FLA and SLA was identified, indicating there was not increased 
thickness in smaller leaves. The higher percentage of intercellular airspace in the smaller 
flag leaves of T. dicoccoides may have contributed to these trends. If increases in FLA did 
not influence photosynthetic demand components, area based changes to CO2 supply 
components may have been linked to the observed variation in A. Austin et al. (1982) 
found strong links between flag leaf anatomical features and FLA, where stomatal density 
decreased with increases in FLA and increases in ploidy. Following this trend, in the 
present study the T. dicoccoides lines with smaller FLA had a higher stomatal density than 
the cultivated hexaploid varieties. Dunstone & Evans (1974) observed that the decreases 
in A in modern wheat compared to progenitor species were associated with an increase in 
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mesophyll cell size linked to larger FLA. Whether this was also linked to changes in 
intercellular airspace was not determined in the present study.  
1.4.4 Capturing Diversity from Tetraploid Wheat  
Donors for Improvement in Modern Varieties  
In the 2017 field trial, mean A was higher in the flag leaves of the majority of offspring 
lines in comparison to their bread wheat parent Paragon (Figure 1-20), suggesting that the 
T. dicoccoides parental lines could be suitable donors for increasing A per unit in modern 
varieties. Introgressions from progenitor species of wheat have been shown to increase 
flag leaf A in hexaploid wheat in other studies (del Blanco et al. 2000; Merchuk-Ovnat et 
al. 2016b). However, based on the estimates of A (leaf-1) in only 1 offspring line (31_12K) 
was there an improvement in overall total leaf CO2 assimilation, which was caused by the 
negative association between FLA and A, and the majority of the offspring lines had a 
reduced leaf area compared to Paragon. It is most likely that the T. dicoccoides parents 
were the donors for the decreases in FLA. This observation highlights one of the issues 
with introgression of diversity available from wild backgrounds, which is the linkage drag 
of undesirable characteristics (Haggard et al. 2013; Reynolds et al. 2009).  
The conclusion could be drawn that FLA is more advantageous to A (leaf
-1) than A per unit 
area. There are limitations in estimating A (leaf-1) based on measurements of the central 
region of each flag leaf, as the assumption is made that photosynthesis is constant over 
the entire leaf surface, which has been proven to be incorrect (Allwood et al. 2015). 
However, the estimate of A (leaf-1) can provide an adequate approximation of carbon 
fixation per leaf. Strong positive correlations between A (leaf-1) and leaf area are typically 
observed, although FLA is an element of both variables (Righetti et al. 2007). Increases 
in canopy photosynthesis have been associated with high leaf area index (Joggi et al. 
1983; Watson 1958). To utilise the diversity identified within the tetraploid progenitor 
lines, increased A will need to be introgressed into modern wheat without reduction to 
FLA.  
No prior selections were completed on the offspring lines before phenotyping. In an effort 
to minimise the deleterious effects of linkage drag, selection could have been 
implemented at an earlier generation to select offspring individuals with high FLA. 
Alternatively, if the precise leaf components linked to the trade-off between area and A 
can be identified, selection to promote or demote those characteristics could be used in 
breeding programs. On the results of the 2016 trial and the parental diversity, the 
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hypothesis could be made that CO2 supply components are controlling the association 
between area and A.       
1.4.5 Flag Leaf Photosynthesis and Yield   
Comparison in Yield Components between Progenitor and Modern Wheat.   
Across both years and trials, the high A found in T. dicoccoides was not linked to any 
grain yield benefits, as the T. dicoccoides had the lowest ranked mean values of grain 
yield in both trials (excluding dic12b in 2016). Comparisons of yield between cultivated 
and wild varieties are often biased, as domesticated wheat has had years of selection for 
increased remobilisation of photoassimilates to the developing grain. Preece et al. (2017) 
found that mean grain yield was 187% higher in a domesticated diploid wheat compared 
to the wild diploid progenitor and 52% higher in T. dicoccum compared to T. dicoccoides. 
Progenitor species have not evolved to be generally high yielding, as natural selection 
would not necessarily favour agronomic yield (Leister 2012). While grain yield reflects 
a plant’s economic yield, total biomass is often referred to as ‘biological yield’ (Acquaah 
2012). Yield increases in cultivated wheat have been associated with optimisation of HI, 
without major changes to biological yield (Austin et al. 1980). This was evident in the 
2016 trial (Figure 1-19), where HI was highest in the two bread wheats and biomass 
varied less between the T. aestivum and T. dicoccoides lines. Biomass was still highest in 
Tios and Paragon in the 2016 field trial and Paragon in the 2017 field trial (Figure 1-22). 
‘Biological yield’ is primarily determined by the amount of carbohydrates produced 
through photosynthesis across the growth period of a cereal crop (Thorne 1974). The 
domesticated lines had the highest A (leaf-1) and comparatively later flowering time (see: 
Appendix 4), therefore contributing to a higher ‘biological yield’ than the shorter lived 
wild tetraploids. The T. dicoccoides lines and the T. dicoccum accession dic12b had the 
highest mean tiller number per plant. Tiller number may be a trait which favours natural 
selection through reproductive success rather than agronomic yield, as it has been selected 
against in the domestication of cereals (Remigereau et al. 2011).  
Grain Yield in the Introgressed Offspring Lines.   
In the 2017 field trial, both leaf area and A (leaf-1) correlated with grain yield. However, 
as A per unit area did not, it is likely the correlation was driven by area variation rather 
than photosynthesis per unit area. Correlations between flag leaf area and grain yield in 
other studies have been observed (Dhiman et al. 1980; Voldeng & Simpson 1967). As the 
rate of photosynthesis and the area of photosynthetic tissue determines the source 
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component of grain yield (Thorne 1974),  higher A (leaf-1) driven by increases in leaf area 
is of more benefit to the plant than high A per unit area.  
There was evidence of a grain yield penalty associated with introgressions from the T. 
dicoccoides parents in the 2017 field trial, where all the offspring individuals had lower 
mean grain yield than their hexaploid parent Paragon (Figure 1-22). This trend was also 
evident for biomass (excluding 31_12K). As discussed above for the trait FLA, linkage 
drag and yield penalties can occur when introgressions are made from wild grasses 
(Summers & Brown 2013). Ultimately there were no advantageous effects of increasing 
A in relation to grain yield in the present study. It is important to note that the 2017 field 
trial was irrigated. As smaller FLA was associated with decreased E (leaf
-1) in the 2016 
field trial (Figure 1-18), the offspring lines may theoretically have improved yield 
stability in a water-limited environment, which could be investigated through further 
work. 
Variation Across Trials   
Considerably higher grain yields were observed in the 2017 trial in comparison to 2016. 
In 2016, the yield data may have been influenced by mechanical damage to the plants 
when transferring to crates during senescence, which was evident from the lower yield 
and high standard deviation observed within each line (Figure 1-19). Furthermore, the 
2017 trial was well irrigated and the plants were grown with increased spacing, which 
also may have been beneficial to yield. In the 2016 trial, Robigus had to be re-transplanted 
due to disease.  Later sowing dates can have detrimental effects to grain yield (Dhiman et 
al. 1980). Additionally, Robigus missed the applications of N in the trial due to the later 
transplant date, these factors will have contributed to the low N% and grain yield observed 
in the 2016 trial.  
1.5 Chapter Outlook.  
While improved photosynthetic capacity and efficiency has previously been identified in 
T. dicoccoides, the diversity available from the progenitor tetraploids is relatively 
untapped (Peng et al. 2012). High per unit CO2 assimilation was found in the progenitor 
T. dicoccoides lines (dic71 and dic72) that could be introgressed into modern wheat to 
increase productivity. However, the introgressed offspring individuals highlighted that 
incorporating higher A in to a modern background cannot be made at the expense of flag 
leaf area.   
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Conversely, the potential benefits of increased flag leaf area are environment specific. 
Based on the reduced water loss shown to be associated with a smaller flag leaf, decreased 
leaf area with a higher per unit A would still be beneficial in ideotype design for a water-
limited environment. Finally, the smaller leaf areas observed in the progenitor species 
may reflect a greater investment, and larger reliance, on other photosynthetic organs such 
as the ear and awns.          
Chapter Findings Summary.  
1. Using a diverse collection of field grown plants, two T. dicoccoides accessions 
were identified with high CO2 assimilation on a standardised leaf area basis (A). 
These lines could be used as donors for modern wheat improvement. 
2. There was stronger evidence that photosynthetic supply components (e.g. CO2 
supply and photochemistry) were linked to the variation in A observed across the 
collection. There was weaker evidence that the variation was a result of 
photosynthetic demand components (e.g. flag leaf nitrogen content and specific 
leaf area).  
3. Due to a smaller flag leaf area (FLA) in the T. dicoccoides individuals, when CO2 
assimilation was expressed on a per leaf basis, A (leaf-1), modern wheat 
outperformed the progenitor individuals.  
4. A collection of tetraploid and hexaploid crossing progeny and parental lines were 
screened in a field trial in 2017. Within this collection, FLA was of greater 
importance to grain yield than A. Furthermore, there was a dilution effect on A 
associated with increased FLA. These trends highlighted that an introgression of 
higher A from a wild background should be achieved without a reduction to FLA. 
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2 THE PHOTOSYNTHETIC 
CONTRIBUTION OF AWNS.  
Abstract 
Unlike the majority of UK modern bread wheat varieties, the tetraploid progenitor (T. 
dicoccoides) is typically awned, which in the present study was shown to be linked to 
higher CO2 assimilation (A) per ear. To test the importance of awn photosynthesis in a 
more adapted material than T. dicoccoides, gas-exchange analysis was used to measure 
ear and flag leaf photosynthesis in 3 field grown pairs of synthetic hexaploid wheat near 
isogenic lines (SHW NILs), varying only for awn presence. Measurements were taken 
during flowering and grain-filling, and organ area was calculated to express data on both 
a per unit and per organ basis. Multiple linear regression models were fitted to analyse 
the influence of awn presence, NIL pair number and growth stage, on 10 response 
variables linked to ear and flag leaf photosynthesis. Yield component data were collected 
for 5 NIL pairs included in the trial. Additionally, a genome-wide association (GWAS) 
study was carried out to identify marker-trait associations linked to awn presence, using 
323 individuals of a SHW breeding program.  
Awn presence was associated with an increase in ear area, leading to higher A per ear, but 
no change in per unit area ear A. However, there was a negative association between awn 
presence and A per flag leaf, caused by a reduction in per unit A rather than reduced leaf 
area. Mean water use efficiency (WUE) was higher in the ears than flag leaves at both 
growth stages. In 4 out of 5 NIL pairs included in the field trial, mean grain yield was 
lower in the awned line; but this effect was not consistent over multiple years and 
locations. The GWAS identified 22 significant marker-trait associations, all located 
between 43 and 72 cM on chromosome 5A. The single nucleotide polymorphism (SNP) 
with the highest association with a –log10 (P) value of 39.3 was located at 58 cM on 
chromosome 5A. There is a known awn inhibiter on chromosome 5A, which was most 
likely responsible for the observed variation. This study suggested awn presence may not 
be an important trait to consider in ideotype design for a ‘well-watered’ environment. 
However, with the current concerns relating to changing climates, traits linked to the 
preservation of photosynthesis under unfavourable environmental conditions may be 
fundamental to future crop production.    
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2.1 Introduction 
2.1.1 Organ Photosynthesis in Wheat.  
Photo-assimilates are remobilised to the developing kernel during grain-filling, from 
three main stores: the senescing leaves (Bell & Incoll 1990), stem and peduncle 
carbohydrate reserves (Raven & Griffiths 2015) and the ear (Zhou et al. 2016). However, 
there has been historic and an ongoing debate over which source is most relevant to 
overall grain yield. The flag leaf has been traditionally considered the most important 
photosynthetic organ (see: 1.1.1). However, there has been a shift in physiological 
discussion, focusing on how the contribution of reproductive structures may have 
previously been underestimated. Photosynthetic apparatus is well distributed across the 
wheat ear (Teare et al 1972a; Teare & Peterson 1971). An awn is a barbed needle-like 
projection of the lemma, which evolved in wild wheat to provide selection advantages of 
grazing deterrents, seed dispersal and seed burial (Evangelista et al. 2011; Guo & 
Schnurbusch 2016). When present, awns can form up to 40% of spikelet biomass 
(Rebetzke et al. 2016), hence awns can be the main contributor for total ear 
photosynthesis (Tambussi et al. 2007). Awns have been bred out of the majority of 
domesticated crops, due to historic logistical problems in harvesting and processing 
(Mach 2015). Advancements in agricultural machinery and technology have largely 
removed these limitations. The second highest yielding group 1 bread wheat is currently 
the awned variety ‘Skyfall’ (nabim 2018), which has held considerable market share since 
release, and the possible advantages of awns to wheat production is a topical question in 
the agricultural industry. Awn presence could be a useful trait for promoting ear 
photosynthesis by extending the photosynthetic surface area of the organ. 
The Wheat Yield Consortium identified phenotypic selection for higher ear 
photosynthesis as an important strategy for addressing plateauing yields (Parry et al. 
2011). There are several advantages of increasing ear and awn photosynthesis in wheat. 
Evans et al. (1972) proposed that in comparison to the flag leaf, the awns were favoured 
with a better canopy position for light interception, a shorter pathway for assimilate 
remobilisation and potentially delayed senescence. Furthermore, the ear has a larger 
surface area than the flag leaf, particularly with the presence of awns (Blum 1985). There 
is also evidence of re-assimilation of respired CO2 in the ear, particularly in the green 
pericarp, which reduces respiratory losses (Tambussi et al. 2007). However, arguably the 
greatest reason for exploiting ear photosynthesis is linked to drought tolerance.  
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Compared to the flag leaf, ear photosynthesis is maintained to a greater degree under 
drought stress (Ding et al. 2017; Li et al. 2017), due to a number of factors. Firstly, the 
bracts and awns of the ear have the potential for high osmotic adjustment, coupled with a 
high overall relative water content (Tambussi et al. 2005). Secondly, parts of the ear have 
distinctive xeromorphic characteristics, such as a thick epidermis (Araus et al. 1993). 
Lastly, fundamental to drought tolerance is the ratio of CO2 gained to water lost. Awns 
in particular have been reported to have high WUE, driven by high CO2 assimilation and 
low transpiration (Blum 1985). Awns and glumes possess a lower Δ13C than the flag leaf 
(Araus et al. 1993; Gebbing & Schnyder 2001), also indicating a higher WUE (Farquhar 
et al. 1982). This evidence indicates ear photosynthesis is a valuable source of assimilates 
to the developing grain under drought stress.     
In contrast, there has been less focus in recent literature on the benefits of promoting flag 
leaf photosynthesis and the potential detrimental effects of investment into ear 
photosynthesis. In organ comparisons, some studies have found higher photosynthetic 
rate per unit area in the leaf under well-watered conditions (Li et al 2017; Teare et al. 
1972), which is also supported by a higher per unit Rubisco content (Zhou et al. 2016). 
Awns have been shown to contribute up to 46% of ear biomass (Teare & Peterson 1971), 
and as the ear and leaf compete for nitrogen allocation (Parry et al. 2011) there may be a 
detrimental downstream effect of awn development. The assimilates used in awn 
formation are the cost of awn development (Guo & Schnurbusch 2016). Though there are 
conflicting reports about the benefits and drawbacks of different investment into ear and 
leaf photosynthesis; the ultimate determinant is the effect on grain yield.  
2.1.2 Quantifying the Contribution of Ear Photosynthesis to Yield. 
Invasive experiments, such as organ detachment and shading methods, have previously 
been used to quantify the importance of source supplies to grain sink (e.g. Khaliq et al. 
2008; Lupton & Ali 1966). These techniques can artificially change conditions 
surrounding the organs (Tambussi et al. 2007) and detachment methods can induce stress 
whilst enhancing compensatory activity in the remaining source supplies (Chanishvili et 
al. 2005). With these limitations in mind, Sanchez-Bragado et al. (2014) used natural 
abundance carbon isotope ratios to quantify the contribution of awned ears and flag leaves 
to grain-filling in elite bread wheat varieties, finding that even under irrigated treatment 
the ear contributed considerably more than the leaf. However, Raven & Griffiths (2015) 
proposed that this method may hold inaccuracies as not all sources of organic carbon and 
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possible fractionations during grain-filling are considered, although they did verify the 
potential application of natural stable isotope labelling in organ comparisons. In a recent 
study, Zhou et al. (2016) used a 15N labelling technique to identify higher remobilisation 
of N from the ear than the flag leaf. The significant disadvantage of isotope labelling 
studies is the requirement of controlled conditions, limiting field scale application. 
Furthermore, the majority of studies have not used genetically comparable material.   
Awn presence reflects investment into ear photosynthesis. A technique for assessing the 
potential yield effects of this investment is the use of Near Isogenic Lines (NILs), which 
are sibling-lines that differ only for one phenotype. This reduces the off-target genetic or 
phenotypic variation that can mask the impact of the trait of interest. Experiments 
designed using NILs can be completed within field environments, without invasive 
measurements. For example, Rebetzke et al. (2016) used 45 awned and awnletted (ears 
with very short awns) NILs to assess grain yield and characteristics across several 
environments and watering regimes. NILs have also been used to test the importance of 
awn photosynthesis within controlled environments (e.g. Olugbemi et al. 1976a; Teare et 
al. 1972; Weyhrich et al. 1995). Field measurements of gas-exchange and yield in 
awned/unawned NILs would be a powerful tool in quantifying the importance of awn 
presence to organ photosynthesis and ultimately grain yield.  
2.1.3 Genetic Control of the Awns.    
Using genetically comparable material would also help in identifying genetic control 
behind the awn trait. Three dominant inhibitor genes are known to suppress the presence 
of awns in hexaploid wheat. The Hooded (4A, Hd) gene results in awn bending and 
shortening (Rao 1981). The Tipped 1 (5A, B1) mutant is linked to short awn tips 
increasing in length towards the top of the ear, whereas the Tipped 2 (6B, B2) mutants 
possess very short awn tips which are mostly evenly distributed in length along the ear 
(Sourdille et al. 2002; Watkins & Ellerton 1940). A fully awned wheat has the recessive 
form of all three inhibitor genes (Yoshioka et al. 2017). Genotypes with dominant alleles 
at two of the three loci (for instance: Hd B2, B1 B2 or Hd B1) are unawned (Mcintosh et 
al. 2013). In a large collection of material varying in awn presence, a genome-wide 
association study (GWAS) could be used to pinpoint genetic polymorphisms relating to 
the trait. Using GWAS for genetic investigation can provide detailed information on 
genetic variability and architecture of targeted traits within crop species (Huang & Han 
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2014). A GWAS could inform which inhibitor gene (or genes) is responsible for the awn 
variation, or whether novel genetic diversity is linked to the trait.    
2.1.4 Chapter Aims  
The focus of this chapter was to establish the importance of awn presence in contributing 
to grain yield within a UK field environment, using the presence of awns as an example 
of investment into ear photosynthesis. Five different pairs of synthetic hexaploid wheat 
near isogenic lines (SHW NILs) were used for this investigation, all of which were 
presumed to be effectively isogenic except for awn presence. The aims of the chapter 
were: 
1. In replicated yield plots, analyse potential variation in grain yield, yield 
components and seed characteristics between the 5 SHW NIL pairs. Compare 
existing yield trial data of the same material, collected previously over different 
years and locations.  
2. In 3 pairs of the SHW NILs, use gas-exchange analysis to determine how awn 
presence influences ear photosynthesis and respiration at two development stages: 
anthesis and grain-filling. Make parallel measurements of flag leaf photosynthesis 
and respiration to determine possible effects of awn presence to the leaf.  
3. Determine organ size in the same 3 pairs of SHW NILs to examine the relationship 
between awn presence, ear area and flag leaf area. 
4. Using a larger collection of SHW individuals, including the selected NILs, 
evaluate the genetic control behind awn presence and establish which of the 
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2.2 Methodology 
2.2.1 Material and Trials. 
2.2.1.1 Material  
Previous to the current study (see: Appendix 6), the five SHW NIL pairs were created as 
part of the Biotechnology and Biological Sciences Research Council (BBSRC) funded 
Wheat Improvement from Synthetic Hexaploids (WISH) project. Primary SHW were 
formed at CIMMYT (El Batán, Mexico) through crossing different tetraploid and diploid 
parents (Table 2-1). Through the WISH program, different CIMMYT primary SHW lines 
were backcrossed to the UK elite bread wheat Xi19. 
Table 2-1 - Pedigree information about the 5 pairs of Synthetic Hexaploid Wheat Near Isogenic Lines 
included in the 2017 NIL SHW yield plots field trial grown at KWS. The lines were formed through 
backcrossing primary synthetic wheat (created at CIMMYT) with the UK elite bread wheat Xi19. In 
WISH Code: A = awned lines and NA= unawned line.  
Pair 
Number 































The backcrossed offspring were taken through a single seed decent (SSD) program to the 
BC1F5 generation, where contrasting awned and non-awned individuals were separated 
within families still segregating for awn presence. The lines were stabilised thereafter 
through maintaining as single plant progenies. In each of the resulting five pairs of SHW 
NILs, the two individual lines were assumed to have similar genetic makeup, varying 
only in awn presence (Figure 2-1). The 5 pairs of SHW NILs are hereafter referred to by 
pair number (1 to 5) and awn presence (A = awned, NA = unawned). 
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Trials used in this chapter included:  
 The 2017 NIL SHW yield plots field trial grown at KWS. Hereafter referred to as 
the NILs field trial.  
Figure 2-1 - Field grown mature ears of pairs 1-5 (top to bottom) of synthetic hexaploid wheat near 
isogenic lines (SHW NILs), showing differences in awn presence within each pair. Ears were 
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 The 2017 Park Farm New Ornamentals Field Trial used for ear photosynthesis 
measurements at ambient conditions of different wheat ploidy, here after referred 
to as the ploidy field trial.  
NILs Field Trial  
A replicated block design was used in the NILs field trial, with 1 yield plot per block for 
each SHW NIL (Figure 2-2). Within each block, NIL pairs were kept together, but both 
the sequence of NIL pairs and the A/NA orientation within each pair was randomised. 
Yield plots were 7 m2 and consisted of roughly 2250 seeds. The plots were drilled on the 
10th of October 2016 in a field at Fowlmere, Cambridgeshire by KWS Ltd. The elite bread 
wheat KWS Santiago was included as a control, with two replicated yield plots per block. 
To achieve a universal N application of 204 kg / N; the plot was fertilised with ammonium 
nitrate (34.5% N) in three applications of 145, 175 and 115 kg ha-1 and a further 
application of an ammonium sulphate and nitrate mix (27% N) at a rate of 200 kg ha-1. 
The fertiliser was applied at GS25, GS30, GS31 and GS32 (Zadoks et al. 1974). At GS32, 
an application of fungicide and plant growth regulators was applied. Between GS30 to 34 
the plots were treated with herbicide. At GS39, the plots were treated with a second dose 
of fungicide and at ear emergence the plots were treated with fungicide and insecticide. 
The trial was harvested on the 4th of August 2017. 
Figure 2-2 – The layout for the NILs field trial, consisting of a randomised block design. Two blocks 
were included in the trial. In each block, the order of the NIL pairs and the A/NA positioning within 
each pair was randomised, but the individual NIL pairs were kept together. 
Ploidy Field Trial  
The design and establishment of the ploidy field trial was previously described in the 
2017 field trial of Chapter 1 (see: 1.2.1). 
2.2.2 Phenotypic Methodology 
2.2.2.1 Material Sampling.  
NILs Field Trial 
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Gas exchange and anatomical measurements were restricted to Pairs 1, 2 and 3, in an 
effort to ensure a suitable number of replicates were collected for each line, whilst 
additionally taking into consideration the time required for each measurement and 
equipment limitations. Measurements were completed at two growth stages: flowering 
and grain-filling. Flowering was defined as being when 50% of main tillers in each plot 
had reached GS61 (Zadoks et al. 1974). Following Araus et al. (1993) and Zhou et al. 
(2016), two weeks after flowering was specified as the grain-filling stage, where the 
measurements were repeated on different plants from the same three pairs. Measurements 
during ‘flowering’ were completed from the 27th of May to the 3rd of June 2017 and those 
during ‘grain-filling’ were completed from the 11th to the 20th of June 2017.  At each 
growth stage, 6 plants were sampled per line (3 per plot in each block). At both growth 
stages, the pairs were measured in the order 1 to 3: pair 1 reached anthesis at the earliest 
date (27th of May), whilst pairs 2 and 3 reached anthesis on the 30th of May (although pair 
2 had an earlier heading date). The delayed measurements of pair 3 at the grain-filling 
stage was a result of equipment failure (Table 2-2).    
Table 2-2 – The dates and growth stages (Zadoks et al. 1974) that measurements were completed at 
for each of the 3 pairs included during the NILs field trial conducted in 2017 at Fowlmere, 
Cambridgeshire (KWS Ltd.).  
Pair Number Measurement Period Growth-stage (GS) 
Flowering     
1 27/05/17 - 31/05/17 GS61 - 67 
2 31/05/17 - 01/06/17 GS63 - 65 
3 01/06/17 - 03/06/17 GS67 - 69 
Grain-filling     
1 11/06/17 - 13/06/17 GS71 - 73 
2 13/06/17 - 15/06/17 GS73 - 77 
3 19/06/17 - 20/06/17 Late milk stage ( ~ GS77) 
 
Main tillers of healthy plants were randomly selected from the centre of each plot; no 
measurements were made on plants in the outer three rows to reduce the bias introduced 
by edge effects. Gas-exchange measurements were made between 1000 and 1500 hours. 
After 15:00, each measured main tiller was cut and immediately re-cut under water, and 
stored in, deionised water to prevent cavitation. The detached tillers were then transferred 
back to Park Farm (NIAB, Cambridge) for immediate processing and imaging. At 
maturity, the harvest index (HI) sample and 30 ears were taken on the 30th of July 2017 
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from every plot. All of the SHW NILs and control plots were combined on the 4th of 
August 2017.   
Ploidy field trial 
Ear gas-exchange measurements were completed on main tillers of separate plants at 
anthesis (GS61 - 67) in the ploidy field trial on two different days. On the 4th of June 
2017, 4 ears of dic71 and dic72 were measured. Then on the 10th of June 2017, 4 ears of 
Paragon and Robigus were sampled.   
2.2.2.2 Measurements.  
NILs field trial 
Gas-exchange Measurements 
A LI-COR 6400XT combined with a 6400 - 22 Opaque Conifer Chamber and a 6400 - 
18A RGB Light Source (LI-COR, Lincoln, USA) was used for the gas-exchange 
measurements and is hereafter referred to as the LI-COR CC. The IRGA conditions were 
set to reflect the ambient field environment, with the aim of reducing time needed for 
acclimatisation of the sample to the chamber. Relative humidity was maintained at 50 ± 
10%. Leaf fan was set to fast and block temperature was controlled at 23 ⁰C. Reference 
CO2 was set at 400 µmol mol
-1. Due to the size of the chamber a high gas flow rate of 600 
µmol s-1 was used. Based on preliminary light curves completed with the LI-COR CC 
(Figure 2-3), a near-saturating PPFD of 1500 μmol m–2 s–1 was set (90% red and 10% 
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Figure 2-3 - Light response curves measured in the NILs field trial for 3 separate ears from main 
tillers of SHW ears at GS57 (Zadoks et al. 1974). The curve shows A (ear -1) plotted against a range 
of light intensities, in order to determine a near-saturating light intensity to conduct measurements 
at. The chosen near-saturation point of 1500 µmol m-2 s-1 is shown by a dashed red line.  
For the non-invasive gas-exchange measurements, entire ears were measured within the 
chamber. Awns and ears were bent around the inner chamber cavity to stop protrusion. 
Where leaves were measured, the central region of a single flag leaf was placed in the 
chamber, with the adaxial side facing the internal LED light source. The area of the leaf 
enclosed in the gasket was imaged later and results were recalculated on the basis of the 
actual leaf area. Ears and leaves were left to acclimatise until A and gs had stabilised, 
which took around ~ 3 minutes per measurement (see: Appendix 2). Ears and leaves were 
then dark adapted under foil for a period of 15 minutes before steady state RDARK was 
recorded for each organ with the actinic chamber light turned off (Kromdijk et al. 2010). 
Chamber Leak Tests.  
Diffusive leaks can significantly influence the reliability of data when chamber CO2 levels 
differ from ambient conditions (Li-Cor 2012). In this chapter all measurements were 
made at ambient CO2 concentrations in the field (400 ppm CO2). Unlike the 
measurements taken in the laboratory (e.g. Chapter 1), the potential changes to the 
ambient CO2 concentration by respiratory build up were not a concern. However, to 
identify possible leaks through-out the period of measurements, an oven dried awned ear 
was used, in which no gas exchange was occurring. This dried ear was used to test for 
potential leaks in the field environment with the chamber set-up. The same protocol was 
followed as for measuring ear gas-exchange. Across the 15 days that the dried ear was 
measured, the mean apparent A was -0.010 µmol CO2 m
-2 s-1 (S.D = 0.41 µmol CO2 m
-2 
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s-1). Therefore, as potential leak effects were inconsequential, no leak correction was 
applied to the data.  
Ear Area Estimation.  
Considerable error can be introduced by inaccurate estimates of ear surface area due to 
the complex and irregular ear shape (Tambussi et al. 2007). The LI-COR CC chamber 
can fully enclose a wheat ear, meaning that data can accurately be expressed on an ear-1 
basis. Measurements on a per unit basis (cm-2) were calculated by estimating ear area and 
recalculating the gas-exchange results based on the estimated organ area. An Olympus 
Stylus Tough TG - 4 (Shinjuku, Tokyo, Japan) attached to a fixed tripod was used to 
image 3 central spikelets from each side of every measured ear (Figure 2-4). The 6 
individual spikelet areas were calculated by converting the image to binary in ImageJ (V-
1.51); mean spikelet area was then determined. For each ear, mean spikelet area was 











Flag Leaf Area Estimation 
To show leaf gas-exchange results on a total leaf surface area basis (leaf-1), flag leaf length 
and width was recorded and flag leaf area estimated using the Teare & Peterson (1971) 
equation discussed in Chapter 3. To show data on a per unit basis (cm-2) a LI-COR CC 
foam gasket was placed over the same central region measured in the field of each flag 
leaf and a photo was taken, the gas-exchange data were corrected based on the estimated 
area enclosed in the gasket. Analysis on ImageJ (V - 1.51) was used to calculate the leaf 
Figure 2-4 – Imaged spikelets from pair 1 collected during the flowering growth stage 
measurements. Images were converted to binary in ImageJ (V - 1.51), the yellow outline shows the 
selection used for the area calculations. The area of spikelets were determined to estimate an area 
for each measured ear. A). An awned spikelet from 1-A. B). Unawned spikelets from 1-NA. Scale 
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area coverage of the gasket and the gas-exchange parameters were re-calculated with the 
new area.   
Yield Measurements  
Harvest Index  
At maturity, a 50 cm ruler was horizontally placed against the base of the plants in two 
different central rows in each plot; the tillers that fell within the ruler were cut off at 
ground level. The samples from both rows were bunched together in each plot. Samples 
were dried for 72 hours at 25 °C before dry weights were taken (Biomass); after threshing 
a seed weight was taken. Harvest Index was expressed as the proportion of seed weight 
to biomass.  
Collected Ears  
At maturity, 30 ears from each plot were collected and dried at 30 °C for 24 hours. Of 
those ears, 15 were randomly selected per plot and the number of total and unfertile 
spikelets were counted per ear. All ears were then threshed; seed weight and dimensions 
were determined using the MARVIN seed analyser (GTA Sensorik GmbH, 
Neubrandenburg, Germany).   A complete list of traits measured on the SHW NILs in the 
NILs field trial is shown in Table 2-3.  
Grain Yield 
For the NILs field trial, combine harvester data provided grain yield (t ha-1) which was 
adjusted to 15% moisture. Prior to this study, the SHW NILs had been included in a 
number of other yield trials across different years and locations. In total, yield data were 
available for 3 different years (2014, 2015 and 2017) and across 6 different locations. In 
2014, the SHW NILs were grown in 2 replicates at 2 locations (Cambridge and Callow, 
Herefordshire), these replicates were averaged. In 2015, the SHW NILs were grown in 
single replicates at 5 different locations: RAGT Seeds (Ickleton), KWS Ltd (Thriplow), 
Morley (Wymondham), NIAB (Cambridge) and at Limagrain (Rothwell). However, due 
to the augmented trial design used, pairs 2 and 5 were absent at KWS, and pairs 2 and 4 
were absent at Limagrain. Yield data were also provided by the combine harvester for 
these other trials and adjusted to 15% moisture content. In 2017, yield data were only 
generated in the NILs field trial at KWS.
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* LI-COR CC - A LI-COR 6400XT combined with a 6400 - 22 Opaque Conifer Chamber and a 6400 - 18A RGB Light Source (LI-COR, Lincoln, USA).
 
 
Table 2-3 – The traits measured in the NILs field trial on the SHW NILs.  The acronyms used for each trait throughout the Chapter are also included. The measuring 
technique for each trait and, where applicable, the references to where methods have been replicated from are shown.   
Trait Measured Acronym / Name Units Measurement technique Reference 
Per ear net CO2 assimilation. A (ear -1) µmol CO2 ear-1 s-1 LI-COR CC *. - 
Ear per unit area net CO2 assimilation. Ear A (cm -2) µmol CO2 cm-2 s-1 LI-COR CC. - 
Per flag leaf net CO2 assimilation. A (flag leaf -1) µmol CO2 leaf-1 s-1 LI-COR CC. - 
Flag leaf per unit area net CO2 assimilation. Flag leaf A (cm-2) µmol CO2 cm-2 s-1 LI-COR CC. - 
Per ear respiration in the dark. RDARK (ear-1) µmol CO2 ear-1 s-1 LI-COR CC. - 
Per flag leaf respiration in the dark. RDARK (flag leaf-1) µmol CO2 leaf-1 s-1 LI-COR CC. - 
Per ear transpiration. E (ear-1) mmol H2O ear-1 s-1 LI-COR CC. - 
Per flag leaf transpiration. E (flag leaf-1) mmol H2O leaf-1 s-1 LI-COR CC. - 
Estimated ear area. Ear Area cm2 Spikelets imaged using ImageJ (V - 1.51). - 
Estimated leaf area. Leaf Area cm2 Estimated from leaf width and length. 
Tear & Peterson 
(1971) 
Gross assimilation rate. GAR µmol CO2 organ-1 s-1 A + RDARK 
Araus et al. (1993) 
and Zhou et al. (2016) 
Instantaneous water use efficiency. WUE µmol (CO2) mmol (H2O)-1 GAR / E - 
Grain yield. Grain Yield t ha-1 Combine Harvester data. - 
Harvest index. HI - Seed weight / biomass - 
Per ear seed number. Seed No. (ear -1) - Measured on a MARVIN seed analyser. - 
Thousand grain weight. TGW g Measured on a MARVIN seed analyser. - 
Seed area. Seed area mm2 Measured on a MARVIN seed analyser. - 
Per ear average total spikelet number. Spikelets - Counted for 15 ears per line. - 
Per ear average infertile spikelet number. Infertile Spikelets - Counted for 15 ears per line. - 
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Ploidy field trial 
The same protocol was followed for the ploidy field trial as in the NILs field trial using 
the LI-COR CC. In this trial the ears were left to acclimatise for 30 minutes before only 
an ambient reading of ear photosynthesis was taken on an ear-1 basis. Ear area was 
estimated by treating the ear as a parallelepiped, by measuring length and width of each 
face to calculate the area (Fortineau & Bancal 2018; Zhou et al. 2016). This method did 
not take into account awn presence.   
2.2.2.3 Analysis.  
NILs Field Trial 
Using the package ‘lme4’  (Bates et al. 2014) in RStudio (V - 3.4.3) mixed linear 
regression models were fitted to test the responses of 10 dependant variables relating to 
ear and flag leaf photosynthesis. The fixed effects included in the models were awn 
presence, NIL pair number (1 - 3), measurement growth stage (flowering or grain-filling) 
and the interactions between these variables. The random effect included in the model 
was block number. In the case where the random effect had negligible influence on the 
dependent variable, it was dropped and multiple linear regression models were fitted 
instead using the ‘lm’ function in RStudio (V - 3.4.3). Backward selection was used to fit 
the most appropriate regression model for each trait, eliminating non-significant variables 
(P > 0.05) using ANOVA table comparisons of different models. Once the most 
appropriate model had been identified, ANOVA tables were computed for the fitted 
model. 
For each model, normality quantile-quantile plots and residual diagnostic plots were 
created to inspect that the assumptions of linear regression were met. Assumptions of 
constant error variance were violated for the dependent variables of ear area and RDARK 
(ear-1). For ear area, an outlier was removed for the model fitting analysis (a 1-A ear 
measured at flowering = 57.1 cm2), the results changed inconsequentially with the 
inclusion and exclusion of the outlier. The outlier was included in all other parts of the 
description of results. Furthermore, a log transformation was used to stabilise error 
variance for these variables and thereafter model assumptions were met. Finally, a 
Pearson correlation coefficient test was used to assess potential correlation between the 
dependent variables: A (ear-1) and RDARK (ear
-1). 
Ploidy Field Trial  
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Analysis was conducted using RStudio (V - 3.4.3), ANOVA comparisons were made 
between the different lines and residuals were checked for violations. Post-hoc tests were 
completed using Duncan's New Multiple Range test.  
Grain Yield 
For each of the NILs, separate pairwise comparisons were completed with the compiled 
yield data set, using a paired sample t-test in RStudio (V - 3.4.3) with awn presence as 
the treatment. P-values were extracted from the results and adjusted for multiple 
comparisons using the False Discovery Rate method (Benjamini & Hochberg 1995). 
Furthermore, RStudio (V-3.4.3) functions ‘shapiro.test’ and ‘Bartlett test’ were used to 
analyse data normality and the homogeneity of variance within each pair to ensure t-test 
assumptions were met.   
2.2.3 Genotypic Methodology 
2.2.3.1 SNP Genotyping  
The complete WISH panel, was genotyped as part of the WISH project. This panel 
consisted of 323 individuals, including: 313 offspring lines, 9 SHW parents and Xi19. 
This collection contained all of the SHW NILs (apart from 5-A) and the primary SHW 
parents for pairs 1, 3 and 4. Genotyping was completed by Bristol University using the 
Axiom Wheat Breeder’s Genotyping Array, which consisted of 35,000 SNPs (Allen et al. 
2017). This array was also used for genotyping in Chapter 3, where it is discussed in more 
detail. The SNP calling was completed prior to the current project, from this data 11,415 
high resolution polymorphic markers were extracted. Markers with matching genotypes 
were removed using the function ‘findDupMarkers’ in the Rstudio package ‘R/QTL’ 
(Broman 2010). The mapped positions were obtained from the consensus map available 
on CerealsDB (Allen et al. 2017; Wilkinson et al. 2012). The consensus map was formed 
through the merging of 5 separate genetic linkage maps, which came from different 
mapping populations genotyped using the Wheat Breeder’s Array (Allen et al. 2017). 
Further markers were removed which did not have mapped positions. Of the remaining 
markers and individuals the average heterozygosity was 5.9%. Missing genotype data 
were present at 0.06% in the markers and 0.6% in the individuals. Markers with over 10% 
heterozygosity were removed and the remaining heterozygous genotypes were set to NA. 
This left 6247 markers and increased missing genotype data to 1.29% of the total marker 
and individual data. Finally, markers were removed with too low minor allele frequency 
(< 5%), which left 5330 markers that were used in the GWAS. A SNP density plot was 
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formed in RStudio (V - 3.4.3) using the package ‘LinkageMapView’ (Ouellette et al. 
2018).  
2.2.3.2 Genome Wide Association Analysis (GWAS) 
A genome wide association study (GWAS) was completed in RStudio (V - 3.4.3) using 
the package ‘GWASpoly’ (Rosyara et al. 2016). Issues in association studies can arise 
from varied levels of relatedness between individuals leading to erroneous results, 
accounting for relatedness by estimating population structure and kinship reduces these 
errors (Yu et al. 2006). The ‘GWASpoly’ package used Q + K mixed linear models for 
single-marker analysis, where Q represents subpopulation covariates and K represents the 
kinship matrix treated as a random effect (Rosyara et al. 2016). The marker-estimated 
kinship matrix was calculated on a thinned marker set using the package function ‘set.K’. 
Markers were thinned by removing one marker in each pairwise comparison with over 
0.80 correlation coefficient, using a Pearson’s coefficient test in Rstudio (V - 3.4.3); 
leaving 1528 markers. This was carried out in an effort to reduce linkage disequilibrium 
between SNP markers influencing the kinship estimate.  The complete marker set (n = 
5330) was used for the GWAS and missing genotypes were imputed using population 
means. Population structure can be inferred using principle components analysis (Price et 
al. 2006; Stich et al. 2008). Using the marker data, principle component analysis was 
completed within the ‘GWASpoly’ package, eigenvalue size was inspected and 10 
principle components were used as covariates to correct for population structure (Ferrão 
et al. 2018).   
The GWAS analysis was completed using the function ‘GWASpoly’ with an additive 
marker-effect model. The genetic control of awn presence is not additive, but as 
heterozygote genotypes were removed from the data the marker-effect model selection 
was inconsequential. For each marker, the software returned a –log10 (P) value and a 
marker effect, where the marker effect reflects the dosage of 0.5 of the genotype that was 
classed as the BB allele in the SNP array formation. Following Bock (2017), a Bonferroni 
correction to 5% was used to determine a significance threshold for the –log10 (P) values 
and quantile-quantile (Q-Q) plots were formed to inspect and validate the model. After 
the initial analysis, the markers with the highest –log10 (P) were treated as co-variates 
and the analysis was repeated to test for additional loci. Finally, using the GWAS results, 
a circular-Manhattan plot was created in RStudio (V - 3.4.3) using the ‘CMplot’ package 
(available from: www.github.com/YinLiLin/R-CMplot).   
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2.3 Results 
2.3.1 Gas-exchange Results in the Ploidy Field Trial. 
Significant variation was observed in A (ear -1) across the four individual lines (Figure 2-
5 (a.), ANOVA: F (3, 12) = 28.4, P = < 0.001). The T. dicoccoides lines dic72 and dic71 
had significantly higher mean A (ear -1) than Paragon and Robigus (dic72 = 0.038 µmol 
CO2 ear
-1 s-1, dic71 = 0.033, Paragon = 0.029 and Robigus = 0.028). The standard 
deviations of the means for dic72, dic71, Paragon and Robigus were 0.0028 µmol CO2 
ear-1 s-1, 0.0013, 0.0014 and 0.0004 respectively. Estimated ear area also varied 
significantly across the group (Figure 2-5 (b.), F (3, 12)  = 107.2, P = < 0.001). Despite 
the T. dicoccoides lines having significantly smaller ears, dic71 and dic72 maintained 
higher A per ear. Awn presence was not included in the ear area calculations. When awn 
length was measured as the distance from the top of the ear to the top of the longest awn 
(Pask et al. 2012); dic71 and dic72 had mean awn lengths of 15.1 and 14.1 cm 













Figure 2-5 – a). A (ear-1) of the T. dicoccoides lines (dic72 and dic71) and the bread wheat varieties 
Paragon and Robigus from the ploidy field trial, measured using a LI-COR CC. b). Estimated ear 
areas of the same group, determined by measuring the length and width of each face to calculate an 
estimate of ear area (see: Fortineau & Bancal 2018; Zhou et al. 2016). Significance groups, 
determined by an ANOVA and Duncan test, are shown by letter grouping above each box.  
a). 
b). 
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2.3.2 Gas-exchange Results of the NILs Field Trial.   
For every dependent variable tested in the linear mixed model analysis, block number 
was found to have a negligible effect on each dependent variable (except for leaf area). 
For example, for A (ear -1) variance caused by the block random effect was 4.2 x 107. 
Therefore, multiple linear regression models were used hereafter with the random 
variable dropped.   
2.3.2.1  Ear Gas-exchange.  
A significant model was identified for A (ear -1) (F (8, 63) = 21.35, P < 0.001), which had 
an adjusted R2 of 0.70. A (ear -1) was influenced by awn presence (F = 15.5, P < 0.001), 
pair number (F = 51.7, P < 0.001) and growth stage (F = 23.6, P < 0.001). Significant 
interactions were observed between the independent variables of awn presence and pair 
number (F = 4.8, P = 0.01) and also pair number and growth stage (F = 9.4, P  < 0.001). 
Within the 3 NILs, mean A (ear -1) was higher in every awned line than the unawned lines 
at both growth stages (Table 2-4); pairwise comparisons are shown in Figure 2-6. The 
greatest variation was observed in pair 1, where, in comparison to the unawned line, the 
awned NIL had a 48% and 30% higher mean A (ear -1) at flowering and grain-filling 
respectively. There were more subtle mean differences between the other pairs, 
explaining the significant interaction between awn presence and pair number. In terms of 
variation across pairs, at flowering the awned lines of pair 1 had comparatively higher A 
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Figure 2-6 – CO2 assimilation per ear (A ear-1) of the of NIL pairs 1 to 3 in the NIL field trial at the 
growth stages of flowering (a) and grain-filling (b). Measurements were completed in the field using 
a LI-COR CC. Primary data are shown by the red points overlaid on each boxplot, representing 
single ears measured on different plants. 
Across growth stage, A (ear -1) moderately decreased in pairs 1 and 2 (excluding 1-NA 
where there was a slight increase). However, in pair 3 there was a substantial drop 
between growth stage, A (ear -1) was 2.3 and 2.6 fold higher at flowering than grain-filling 
in 3-A and 3-NA respectively (Figure 2-6). The model interaction between growth stage 
and pair number was caused by both lines in pair 3 having a substantially lower A (ear -1) 
than pairs 1 and 2 at grain-filling, variation that was not present at flowering. By the time 
pair 3 was measured during grain-filling, which was the last set of measurements (Table 
2-2), there was visual evidence that awn senescence had started.  
The decreases in A (ear -1) in pair 3 during grain-filling were also observed for ear A (cm 
-2), although similar means were found across all three pairs at the flowering stage (Table 
a). 
b). 
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2-4). In comparison, ear A (cm-2) was relatively unchanged in pair 1 across growth stage 
and there was only a slight drop from flowering to grain-filling in the means of pair 2 
(Figure 2-7, 2-A = 17% and 2-NA = 18%). This variation explained the influence of 
growth stage and pair number in the significant model identified for ear A (cm-2) (F (5, 
66) = 18.84, P < 0.001) with an adjusted R2 of 0.56. Where the variable ear A (cm-2) was 
significantly influenced by pair number (F = 22.4, P < 0.001), growth stage (F = 25.8, P 
< 0.001) and an interaction between these variables (F = 11.8, P < 0.001). Awn presence 
















Figure 2-7 - CO2 assimilation per unit ear area A (cm-2) of NIL pairs 1 to 3 in the NIL field trial at 
the growth stages of flowering (a) and grain-filling (b). measured using a LI-COR CC.  Primary data 
are shown by the red points overlaid on the boxplots, representing single ears measured on different 
plants. 
A Pearson’s correlation coefficient test was used to show a positive correlation between 
A (ear -1) and RDARK (ear
-1) at both growth stages (Figure 2-8). A significant model was 
identified for RDARK (ear 
-1, F (8, 63) = 35.4, P < 0.001) with an adjusted R2 of 0.80, which 
a). 
b). 
Capturing Photosynthetic Traits from the Progenitors of Wheat. 
122  Tally Wright – September 2018 
was dependent on awn presence (F = 16.4, P < 0.001), pair number (F = 6.6, P = 0.002) 
and growth stage (F = 223.3, P = < 0.001). Significant interactions were found between 
awn presence and pair number (F = 10.1, P < 0.001), also between pair number and 
growth stage (F = 5.1, P = 0.009). Similarly to the A (ear -1) results, in pairs 1 and 3 the 
awned lines had higher RDARK (ear
-1) than the unawned counterparts at both growth stages 
(Table 2-4). However, in pair 2 the mean RDARK (ear
-1) for the unawned lines was slightly 
higher at both growth stages, which explains the significant model interaction observed 
between awn presence and pair number. In terms of the variation observed across pairs, 
the awned line in pair 1 had considerably higher mean RDARK (ear
-1) than all other lines at 
both growth stages. In every line, mean RDARK (ear
-1) increased from flowering to grain-
filling. However, the degree of increase was pair specific, which explains the interaction 
observed between pair number and growth stage. For example, in pair 2 there was a mean 
increase of 93% in the awned line and 96% in the unawned line, whereas in pair 3 there 
was a mean increase of 38% in the awned lines and 59% in the unawned line.     
A significant model was found for ear area (F (6, 64) =17.06, P < 0.001) with an adjusted 
R2 of 0.58 (Figure 2-9). Where ear area was significantly influenced by awn presence (F 
= 44.2, P < 0.001), pair number (F = 16.0, P < 0.001) and growth stage (F = 4.1, P = 
0.048). Interactions were observed between awn presence and pair number (F = 11.0, P 
< 0.001). At both growth stages, the presence of awns increased ear area in every pair 
(Table 2-4), except Pair 3 at grain-filling. However, the degree of increase was pair 
Figure 2-8 – Positive correlations between A (ear-1) and RDARK (ear-1) at the growth stages of 
flowering (a) and grain-fill (b) for all the individual ears measured in the NIL field trial using 
the LI-COR CC. Sample size was 36 ears at each growth stage and the Pearson’s correlation 
coefficient is overlaid for each comparison (r).  
a). b). 
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dependent, explaining the interaction between awn presence and pair number in the 
model. Visual observations of the ears also indicated that there was variation in awn area 
between the different NILs (see: Figure 2-1). The greatest difference was observed in pair 
1, where the awns increased ear area by an average of 59% at flowering and 45% at grain-
filling. However, more subtle increases were found in pair 2, increases of 15% at 
flowering and 12% at grain-filling. In pair 3 awn presence increased area by an average 
of 10% at flowering, but reduced area by 2% at grain-filling. There was limited variation 
in ear area between the unawned lines across different pairs. However, mean values in 
the awned line of pair 1 at both growth stages were higher than the awned lines in pair 2 
and 3. Pair 3 showed the greatest increase in area across growth stage (mean difference: 















Figure 2-9 - Ear area (cm2) of NIL pairs 1 to 3 in the NIL field trial at the growth stages of flowering 
(a) and grain-filling (b). For each measured ear, area was estimated by imaging 6 central spikelets, 
then multiplying average spikelet area by spikelet number. Primary data are shown by the red points 
overlaid on the boxplots, representing single ears measured on different plants. 
a). 
b). 
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A significant model was found for E (ear-1, F (3, 68) = 14.5, P < 0.001) with an adjusted 
R2 of 0.36. Where E (ear-1) was influenced by the variable of awn presence (F = 29.5, P 
< 0.001), as E (ear-1) was higher in every awned line in comparison to the unawned 
counterparts in each NIL pair (Table 2-4). Pair number also significantly influenced E 
(ear-1) (F = 7.0, P = 0.002), the greatest variation was observed between pair 1 and pair 2 
at flowering, with a mean difference of 0.0014 mmol ear-1 s-1 between the awned lines (1-
A and 2-A). 
2.3.2.2 Flag Leaf Gas-exchange   
For A (flag leaf -1) a significant model was identified (F (6, 64) = 20.1, P < 0.001) with 
an adjusted R2 of 0.63, where variation was influenced by awn presence (F = 8.9, P = 
0.004), pair number (F =16.7, P < 0.001) and growth stage (F = 57.2, P < 0.001). An 
interaction was found between pair number and growth stage (F = 12.2, P < 0.001). The 
trends in the data are shown in Figure 2-10. Excluding pair 3 at grain-filling, in every NIL 
pair and at every growth stage, mean A (flag leaf-1) was higher in the unawned line. The 
largest variation within pairs was found in pair 2 at flowering, where there was a mean 
increase of 41% in the unawned lines and in pair 1 at grain-filling where there was a mean 
increase of 43%. For variation across pairs, A (flag leaf-1) was consistently highest in pair 
1 at both growth stages (Table 2-4). Following the same trend as A (ear-1), A (flag leaf-1) 
was lowest in pair 3 during grain-filling. In all lines, mean A (flag leaf-1) dropped from 
flowering to grain-filling. The degree of decrease was pair dependent, explaining the 
interaction between growth stage and pair number. In 3-NA mean A (flag leaf-1) decreased 
by 87% whereas in 1-NA there was a lower drop of 21%. A model slightly above the 
significance threshold (P = < 0.05) was observed for RDARK (flag leaf
-1) (F (5, 65) = 2.35, 
P = 0.051), with an adjusted R2 of 0.09. Although there was no significant influence of 
awn presence (F = 3.0, P = 0.09) or pair number (F = 0.96, P = 0.39) on RDARK (flag leaf
-
1), there was evidence for an effect of the interaction between the two factors (F = 3.4, P 
= 0.04).     
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Figure 2-10 – CO2 assimilation per flag leaf (A flag leaf-1) of NIL pairs 1 to 3 in the NIL field trial at 
the growth stages of flowering (a) and grain-filling (b). Field measurements were taken using a LI-
COR CC. Primary data are shown by the red points overlaid on each boxplot, representing single 
flag leaves measured on different plants. 
Leaf area was the only dependent variable where variance associated with the random 
effect (block number) in the mixed linear model was not either arbitrarily small or zero 
(variance = 0.11). However, there was no difference in the independent variables that 
significantly influenced leaf area in both the mixed or multiple linear regression models, 
and the multiple linear regression is reported. A significant model was identified (F (2, 
68) = 3.2, P = 0.05), although with an adjusted R2 of 0.06 and significantly influenced by 
only pair number (F = 3.2, P = 0.05), where pair 2 had slightly smaller leaf areas at both 
growth stages than the other pairs (Table 2-4). A significant model was found for flag 
leaf A (cm-2, F (6, 65) = 30.6, P < 0.001) with a high adjusted R2 value of 0.71. Where 
a). 
b). 
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awn presence (F = 10.3, P = 0.002), pair number (F = 18.5, P < 0.001) and growth stage 
(F = 102.6, P < 0.001) influenced the variable of flag leaf A (cm-2, Figure 2-11). An 
interaction was found between the influence of pair number and growth stage (F = 16.8, 
P < 0.001). As with A (flag leaf-1), flag leaf A (cm-2) was higher in all the unawned lines 
of each NIL compared to the awned counterparts, excluding pair 3 at grain-filling. The 
greatest variation was observed within pair 1 and 2 during grain-filling, where compared 
to the awned lines there was a mean percentage increase of 36% and 38% flag leaf A (cm-
2) in the unawned lines respectively. There was a large outlier in 1-A during grain-filling 
(0.0045 µmol CO2 cm
-2 s-1) which was left in the analysis, as high A (ear -1) was also 
observed in this individual suggesting it was not an erroneous measurement. Pair number 
influenced flag leaf A (cm-2); at grain-filling pair 3 had a considerably lower mean values 
than the other pairs (Figure 2-11). The variation was only present at grain-filling 
explaining the interaction between growth stage and pair number. Flag leaf A (cm-2) was 
lower in every line at grain-filling compared to flowering, which matched the A (flag leaf-
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A significant model was found for E (flag leaf-1, F (6, 64) = 16.0, P < 0.001) with an 
adjusted R2 of 0.56, where the variable was influenced by awn presence (F = 4.1, P = 
0.05), pair number (F = 12.4, P < 0.001) and growth stage (F = 53.8, P < 0.001). An 
interaction was observed between pair number and growth stage (F = 6.6, P = 0.002). 
Across both growth stages, the unawned lines had higher mean values of E (flag leaf-1) 
than the awned lines in the majority of the pairs, excluding pair 1 at flowering and pair 3 
at grain-filling. Following the same trend as the A measurements, variation across pair 
increased at the grain-filling stage, when in pair 3 mean values of E (flag leaf-1) were 
considerably lower than pairs 1 and 2 (Table 2-4). E (flag leaf-1) dropped in every line 
from flowering to grain-filling. The decrease was most severe in pair 3 where the awned 
and unawned lines decreased by 61% and 68% respectively. 
Figure 2-11 - Flag leaf per unit CO2 assimilation (A cm-2) of NIL pairs 1 to 3 in the NIL field trial 
at the growth stages of flowering (a) and grain-filling (b). Measurements were made using a LI-
COR CC. Primary data are shown by the red points overlaid on each boxplot, representing single 
flag leaves measured on different plants. 
a). 
b). 
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                   Table 2-4 - Mean values and standard deviation of 10 dependant variables from the NILs field trial. 
 
Flowering Pair No. 1 Pair No. 2                    Pair No. 3    
 Awned Unawned Awned Unawned Awned Unawned 
Trait  Mean S.D Mean S.D Mean S.D Mean S.D Mean S.D Mean S.D 
A (ear -1) 0.039 0.004 0.026 0.006 0.024 0.008 0.021 0.004 0.026 0.007 0.021 0.004 
Ear A (cm -2) 0.0009 0.0002 0.0009 0.0002 0.0008 0.0003 0.0008 0.0002 0.0008 0.0002 0.0008 0.0001 
A (flag leaf -1) 0.074 0.022 0.080 0.015 0.048 0.018 0.067 0.009 0.062 0.019 0.072 0.008 
Flag leaf A (cm-2) 0.0033 0.0007 0.0038 0.0004 0.0029 0.0005 0.0033 0.0003 0.0032 0.0010 0.0034 0.0003 
 RDARK (ear-1) 0.025 0.0032 0.017 0.0032 0.017 0.0017 0.018 0.0019 0.020 0.0024 0.017 0.0019 
 RDARK (flag leaf-1) 0.006 0.0014 0.004 0.0007 0.004 0.0013 0.005 0.0013 0.005 0.0010 0.005 0.0008 
 E (ear-1) 0.0058 0.0006 0.0044 0.0008 0.0042 0.0006 0.004 0.0008 0.0047 0.0010 0.0038 0.0006 
 E (flag leaf-1)  0.0089 0.0026 0.0088 0.0017 0.0062 0.0020 0.008 0.0009 0.0072 0.0019 0.0079 0.0012 
Ear Area 44.9 7.1 28.2 3.4 29.7 2.7 25.8 2.5 30.3 1.9 27.5 2.2 
Leaf Area 22.0 2.3 20.8 3.2 16.5 4.0 20.2 2.3 19.5 3.4 21.4 3.5 
Grain-filling  Mean S.D Mean S.D Mean S.D Mean S.D Mean S.D Mean S.D 
A (ear -1) 0.035 0.008 0.027 0.004 0.021 0.008 0.018 0.001 0.011 0.003 0.008 0.003 
Ear A (cm -2) 0.0008 0.0002 0.0009 0.0001 0.0007 0.0003 0.0007 0.0001 0.0003 0.0001 0.0002 0.0001 
A (flag leaf -1) 0.044 0.025 0.063 0.018 0.039 0.017 0.054 0.014 0.011 0.010 0.010 0.007 
Flag leaf A (cm-2) 0.0020 0.0010  0.0028  0.0005  0.0020  0.0008  0.0028  0.0006  0.0006  0.0005  0.0004  0.0003 
 RDARK (ear-1) 0.040 0.0092 0.030 0.0029 0.032 0.0061 0.034 0.0058 0.028 0.0028 0.027 0.0013 
 RDARK (flag leaf-1) 0.004 0.0014 0.005 0.0011 0.004 0.0007 0.005 0.0006 0.004 0.0015 0.006 0.0015 
 E (ear-1) 0.0058 0.0008 0.0042 0.0003 0.0050 0.0006 0.004 0.0004 0.0052 0.0008 0.0044 0.0003 
 E (flag leaf-1)  0.0055 0.0012 0.0065 0.0007 0.0055 0.0023 0.0064 0.0019 0.0028 0.0012 0.0025 0.0008 
Ear Area 42.0 4.6 28.8 1.9 30.9 3.7 27.7 3.4 32.3 2.3 33.1 4.0 
Leaf Area 21.3 4.8 22.5 3.8 19.7 3.7 19.7 2.2 20.1 4.1 22.3 5.7 
Units:  A (ear -1),  RDARK (ear-1) = µmol CO2 ear-1 s-1; Ear A (cm -2), Flag leaf A (cm-2) = µmol CO2 cm-2 s-1;  A (flag leaf -1),  RDARK (flag leaf-1) = µmol CO2 ear-1 s-1;  E (ear-1) and FL E = mmol ear-
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2.3.2.3 Ear and Leaf Comparison.  
The measured ears across all lines had substantially higher RDARK than the flag leaves 
(Table 2-4), which on average was 3.9 and 7.0 fold higher across all the NILs at flowering 
and grain-filling respectively. Following Araus et al. (1993) and Zhou et al. (2016),  
Gross Assimilation Rate (GAR = A + RDARK) was used for visualising CO2 assimilation 
corrected for respiration (Figure 2-12). At flowering, mean values of GAR were higher in 
the flag leaf than in the ear for every pair. However, during grain-filling the awned 
individuals in pairs 1 and 2 had higher mean GAR in the ear than flag leaf (on average 
56% and 22% higher respectively). The shift in GAR in the organs was partially driven 
by increases in RDARK (ear
-1). In pair 1 RDARK contributed 39% to ear GAR at flowering, 
which increased to 53% at grain-filling. This trend in GAR was also contributed to by A 
(flag leaf-1) dropping from flowering to grain-filling. In comparison, A (ear-1) was 
maintained to a higher degree in pairs 1 and 2, which is visible in  Figure 2-6. GAR 
dropped considerably in the flag leaves of pair 3 from flowering to grain-filling (Figure 





Figure 2-12 - Gross assimilation rate ( A + RDARK  = GAR) per ear measured at flowering (a) and 
grain-fill (b). GAR per flag leaf is also shown at flowering (c) and at grain-filling (d). Measurements 
were conducted during the NILs field trial using a LI-COR CC on the three NILs. RDARK was 
measured on dark adapted organs. Primary data points are overlaid in red on boxplots.   
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At both growth stages and in every line, mean ear WUE was higher than flag leaf WUE 
(Figure 2-13), 1.1 and 1.4 fold higher at flowering and grain-filling respectively. Ear WUE 
varied little between the awned and unawned lines within each pair (Figure 2-13), 
excluding a slightly higher mean of 1-A at flowering and 2-NA at grain-filling. However, 
mean flag leaf WUE was consistently higher in the unawned individuals in each pair at 
both growth stages, on average 6.3% and 17.5% higher in the unawned lines at flowering 
and grain-filling respectively. The higher WUE was driven by the significantly higher A 
(leaf-1) found in the unawned lines of each NIL pair at both growth stages, except pair 3 
at grain-filling.  
 
Figure 2-13 - Instantaneous water use efficiency (WUE) in the NIL field trial for ears (a and b) and flag 
leaves (c and d). Calculated from GAR and E measurements at the growth stages of flowering (a and c) and 
grain-filling (b and d), for the ears and flag leaves studied. Measurements were made using a LI-COR CC 
on three NILs. Primary data points are overlaid in red on boxplots.    
a). b). 
c). d). 
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2.3.3 Grain Yield and Characteristics of the SHW NILs. 
In the NILs field trial (Table 2-5), in 4 pairs the unawned line had higher mean grain yield 
and HI than the awned counterparts. Only in pair 5 did the awned line have a higher mean 
grain yield (5-A = 8.11 t ha-1 S.D = 0.3 compared to 5-NA = 7.04 S.D = 0.5) and an 
identical HI of 0.42 (S.D = 0.02). There was some lodging observed in the plots of 2-A 
and 5-NA, which may have influenced the yield results for these lines. All the pairs 
yielded lower than the control variety Santiago which had a mean grain yield of 9.68 t ha-
1. The S.D of the controls was 0.76 t ha-1 across the four control replicate plots, which is 
larger than the variation in grain yield observed in pairs 2, 3 and 4. In pairs 2, 3 and 4 
there was a higher mean spikelet and seed number in the unawned lines compared to the 
awned lines. In comparison, in pairs 1 and 5 the awned lines had a higher mean seed and 
spikelet number. Mean seed area was larger in every awned line, except in pair 1 and 4. 
Thousand grain weight (TGW) was higher in all the awned lines of pairs 2 and 3, but 
lower in pairs 1, 4 and 5. Of the pairs used for the gas-exchange analysis, in pairs 2 and 
3 spikelet number was higher in the unawned lines. In comparison, in pair 1, spikelet 
number was higher in the awned line. These trends reflect the variation observed in ear 
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Table 2-5 – Mean grain yield and yield component data from the NILs field trial for all the material 
included in the trial. Grain yield was measured by the combine harvester and adjusted to 15% 
moisture, the rest of the traits were either measured manually or by using a MARVIN seed analyser 
(GTA Sensorik GmbH, Neubrandenburg, Germany). There were 2 replicate yield plots for all lines, 
except Santiago where a total of 4 were included. In pair, A = awned and NA = unawned. Standard 
deviation is shown (S.D). 





  (t ha-1)  ear
-1 (g) mm2 ear-1 ear-1 
Santiago 9.68 0.46 63.88 32.98 15.24 22.45 1.93 
S.D 0.76 0.01 0.65 2.08 0.54 0.19 0.36 
1-A 7.66 0.43 69.22 28.47 13.90 26.80 2.00 
S.D 0.04 0.01 13.03 2.11 0.58 0.09 0.19 
1-NA 8.46 0.44 64.20 30.59 15.03 25.63 1.93 
S.D 0.08 0.01 2.55 0.66 0.17 0.24 0.28 
2-A 7.33 0.46 45.75 47.51 19.15 23.87 3.13 
S.D 0.43 0.01 2.47 2.79 0.50 0.47 0.19 
2-NA 7.69 0.48 56.18 42.55 17.72 24.73 2.53 
S.D 0.26 0.00 5.40 1.05 0.02 0.28 0.75 
3-A 7.31 0.44 56.04 38.44 16.54 23.73 2.80 
S.D 0.44 0.01 0.38 1.86 0.34 0.19 0.00 
3-NA 7.43 0.45 59.43 34.88 15.83 25.13 2.17 
S.D 0.83 0.03 2.69 2.43 0.52 0.09 0.14 
4-A 7.32 0.43 50.70 38.33 16.29 25.07 3.30 
S.D 0.75 0.02 2.21 2.53 0.50 0.57 0.42 
4-NA 7.71 0.44 58.15 38.59 16.68 25.10 2.23 
S.D 0.30 0.01 8.46 0.52 0.10 0.14 0.61 
5-A 8.11 0.42 67.70 32.59 16.05 25.97 2.47 
S.D 0.24 0.02 1.04 1.52 0.59 0.24 0.00 
5-NA 7.04 0.42 51.10 37.36 16.03 25.03 2.73 
S.D 0.51 0.02 4.24 2.00 0.28 0.61 0.47 
 
The pairwise comparison of the NILs across different years and locations highlighted that 
yield differences were only significant in 2 of the 5 pairs (Figure 2-14). In Table 2-5 the 
largest variation in yield was observed in pair 1 and 5, it was only these pairs which 
maintained the observed variation in the pairwise comparison. Significant difference in 
grain yield were found between 1-A (mean = 10.6 t ha-1, S.D = 1.5) and 1-NA (mean = 
11.5 t ha-1, S.D = 1.8); adjusted P-value = < 0.05. Also between 5-A (mean = 11.0 t ha-1, 
S.D = 1.8) and 5-NA (mean = 9.6 t ha-1, S.D = 1.5); adjusted P-value = < 0.05.  
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2.3.4 Marker analysis.  
2.3.4.1 SNP Markers and Genetic Map.  
For the 5330 SNP markers used in the GWAS, map positions were taken from the 
consensus map on CerealsDB (Allen et al. 2017; Wilkinson et al. 2012). The selected 
markers have previously been mapped into 21 linkage groups, reflecting the expected 21 
chromosomes pairs found in hexaploid wheat. For the selected markers, the total map was 
4277.5 cM in length, with an average spacing of 0.8 cM respectively (Figure 2-15). 
Chromosome 1B had the highest number of mapped markers (n = 462), with an average 
and maximum spacing of 0.3 and 11.1 cM, respectively. The chromosome with the fewest 
markers (n = 42) was 4D, which had an average spacing of 4.0 cM and a large gap of 42 
cM. This trend was also observed in the complete set of mapped markers from the 
consensus map (21,709 markers), where chromosome 4D had the lowest mapped SNP 
density (Allen et al. 2017). The largest gap of 62.2 cM was present on chromosome 6D. 
The D genome had the lowest percentage of mapped markers, followed by the A genome 



























Figure 2-14 – The mean differences between each pair of SHW NILs across multiple yield trials, 
showing the effect of awns on yield. The trials ranged across three different years and included 6 
locations. Grain yield adjusted to 15% moisture is shown. ** = P < 0.05 determined through paired 
t-tests with an adjustment for multiple testing using the False Discovery Rate method (Benjamini & 
Hochberg 1995). n = 8 (pairs 1 and 3), n = 6 (pair 2) and n = 7 (pairs 4 and 5). 
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was 1A which was 38.32 cM in length, the longest chromosome was 7B which was 333.3 
cM in length. There was a limited spread of markers across chromosome 1A, evident 
from the short length (Figure 2-15). Out of the 5330 SNPs used in the GWAS, all of the 
markers mapped to chromosome 1A were within the range of 52.46 to 90.78 cM. This 
limitation appears to be a constraint of the consensus map from Allen et al. (2017), where 
in the complete set of markers mapped to 1A, only 17 were mapped outside of this range. 
In the present study, these markers were either not called as poly high resolution in the 
WISH panel or dropped through the quality control, leading to a reduction in the mapped 
length of chromosome 1A (Figure 2-15).   
The SHW NILs had been created through only phenotypic observations, where they were 
separated based on the awn trait. A comparison was completed to test isogeny of the NILs 
using the 5330 SNP marker data, with NA genotypes excluded and heterozygote 
genotypes included. The SNPs within the 28.8 cM region where significant marker-trait 
associations were found were excluded from the analysis. The NILs were all validated to 
be highly isogenic, apart from pair 5 where genotype data were unavailable for the awned 
line. Pair 4 had the highest percentage of matching SNP genotypes of 98.6%, followed 
by pair 1 (97.5%), pair 3 (96.3%) and pair 2 (94.5%).  
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Figure 2-15 – The SNP density on each chromosome of the markers used in the WISH panel 
association analysis. The plot shows a density heat map (red = high, blue = low) with the black lines 
indicating the position of each SNP. Mapped positions (cM) were taken from the consensus map 
available from CerealsDB (Wilkinson et al. 2012). The figure was created using the 
‘LinkageMapView’ package in RStudio (Ouellette et al. 2018). 
Capturing Photosynthetic Traits from the Progenitors of Wheat. 
136  Tally Wright – September 2018 
2.3.4.2 Genome-Wide Association for Awned Character. 
A significance threshold of -log10 (P) = 5.03 was determined using Bonferroni 
correction. Of the 5330 markers included in the study, 22 SNPs had -log10 (P) values 
over the threshold and all were found on chromosome 5A (Table 2-6). The marker with 
the highest -log10 (P) of 39.32 was AX-94729059, located at 58.38 cM. The marker also 
had the largest effect of 0.37. The markers AX-94796970 (-log10 (P) = 35.17, effect = 
0.35),   AX-94394580 (-log10 (P) = 22.12, effect = 0.31) and AX-94622557 (-log10 (P) 
= 19.78, effect = 0.30) were the following next most significant and located at 59.99, 
70.36 and 70.36 on 5A respectively.  
Table 2-6 – The significant marker associations with awn presence in the WISH Panel determined 
through genome-wide association. The -log10 (P-values) and marker effects are shown, highest -log10 
(P) scores are shown in bold. Marker effects represent the dosage of 0.5 of the minor allele genotype 
(BB), unawned was scored as 0 and awned was scored at 1. The allele and minor allele frequency 
data (MAF1) were taken from EnsemblPlant (release 40 - July 2018, www.plants.ensembl.org). MAF2 
is the minor allele frequency in the complete WISH panel, calculated from the homozygous 
genotypes.  The majority of the WISH panel were backcrossed into the unawned bread wheat ‘Xi19’; 
the genotype of ‘Xi19’ at each SNP is shown.  
Marker Name Chromosome cM -log10 (P) Effect Allele MAF1 MAF2 Xi19 
AX-95628984 5A 43 5.37 0.17 NA NA 0.29 AA 
AX-95129770 5A 47.82 7.44 0.21 G/A 0.08 0.50 AA 
AX-95230303 5A 51.53 8.47 -0.21 A/G 0.28 0.57 BB 
AX-94405899 5A 58.38 12.01 -0.24 A/C 0.32 0.64 BB 
AX-94729059 5A 58.38 39.32 0.37 C/T 0.4 0.49 AA 
AX-94386526 5A 59.99 6.48 0.23 G/A 0.47 0.20 AA 
AX-94453668 5A 59.99 7.61 -0.23 T/C 0.47 0.80 BB 
AX-94472591 5A 59.99 9.7 -0.29 A/G 0.5 0.79 BB 
AX-94519471 5A 59.99 16.36 -0.23 T/C 0.42 0.50 BB 
AX-94560538 5A 59.99 6.38 -0.21 A/C 0.31 0.81 BB 
AX-94742567 5A 59.99 7.53 0.27 C/A 0.5 0.21 AA 
AX-94796970 5A 59.99 35.17 0.35 C/T 0.35 0.48 AA 
AX-95097524 5A 65.24 7.36 -0.29 G/A 0.31 0.85 BB 
AX-95111244 5A 67.59 9.78 0.28 C/A 0.26 0.19 AA 
AX-94560945 5A 68.77 6.05 0.24 C/T 0.08 0.13 AA 
AX-94394580 5A 70.36 22.12 0.31 C/T 0.2 0.37 AA 
AX-94622557 5A 70.36 19.78 0.3 G/A 0.17 0.36 AA 
AX-94753558 5A 70.36 7.93 0.28 C/T 0.46 0.12 AA 
AX-94958942 5A 70.36 5.68 0.21 T/G 0.19 0.13 AA 
AX-95002679 5A 70.36 5.05 0.15 C/G 0.45 0.32 AA 
AX-94422894 5A 71.85 8.41 -0.21 A/G 0.3 0.77 BB 
AX-94881303 5A 71.85 6.78 -0.2 C/A 0.18 0.84 BB 
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The scores and marker effects of the complete SNP collection are shown in a Manhattan 
plot in Figure 2-16 (a).  Excluding the results in (Table 2-6), there were no other -log10 
(P) scores found above the significance threshold on any chromosome. The four markers 
with the highest -log10 (P) (shown in bold in Table 2-6) were treated as covariates and 
the GWAS analysis was repeated; no additional significant marker-trait associations were 
found outside of chromosome 5A. The Quantile-quantile plot showed that the majority of 
-log10 (P) fitted the null hypothesis assumptions, excluding the significant results (Figure 





Figure 2-16 – a). A circular Manhattan plot showing genome-wide association results for awn presence in 
the WISH panel across 21 chromosomes for each mapped SNP. The SNP -log10 (P) scores are shown in 
the outer circle, scores above the red line threshold (determined using a Bonferroni correction to 5%) are 
coloured in red. SNP effects are shown in the inner circle (absolute values are shown, see Table 2-6 to 
determine if the effect was positive or negative). The plot was created using the CMplot package in RStudio 
(available at: https://github.com/YinLiLin/R-CMplot). b). A quantile-quantile plot showing the observed 
against expected -log10 (P) scores, used to inspect and validate the final model.  
a). b). 
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2.4 Discussion. 
2.4.1 Progenitor vs. Modern Wheat Comparison.  
A higher A (ear -1) was found in the T. dicoccoides lines in comparison to the elite modern 
varieties, despite considerably smaller ears in the tetraploids. However, the progenitor 
wheats were awned, which suggested the awns contributed to the higher A (ear-1). 
Comparing cultivated and wild tetraploid and hexaploid wheat types, Blum (1985) found 
that the awns contributed 49% of the total ear photosynthetic rate, whilst also identifying 
higher rates in the tetraploids than in hexaploids. Li et al. (2017) found that ears of T. 
dicoccoides maintained higher per unit A during grain-filling than T. aestivum and higher 
WUE under drought stress. The results of the ploidy field trial in the present study 
indicated the advantages of awn presence in promoting higher ear CO2 assimilation, be it 
due to increases in overall A (ear -1) by extension of photosynthetic surface area or higher 
ear A (cm-2); this warranted the investigation of this investment into ear photosynthesis 
in an adapted material.     
2.4.2 Gas-Exchange Results in the SHW NILs  
2.4.2.1 Ear Gas-Exchange 
In each of the 3 awned NILs studied here, A (ear -1) was higher at both growth stages than 
in the unawned NILs, although substantial differences were only observed in pair 1. As 
ear A (cm-2) did not significantly differ within the NILs, the variation in A (ear-1) was 
driven by the differences in ear area. Awn presence increased A (ear-1) by extending the 
photosynthetic surface area. This observation was made by Blum (1985) where total ear 
photosynthesis rates did not correlate with per unit photosynthesis rates, but did correlate 
with ear surface area. Furthermore, Teare et al. (1972b) also found that net per unit 
photosynthesis was not changed by awn presence, but that net per ear photosynthesis was 
higher in awned ears. Alternatively, Olugbemi et al. (1976a) found that awn presence was 
related to a decrease in photosynthesis in other ear components, although this could have 
been an effect of shading. Maydup et al. (2014) also found differences in photosynthetic 
activity in the ear body compared to the awns, with a higher electron transport rate in the 
body. In the present study, no increases in ear A (cm-2) were observed in the unawned 
ears, suggesting there was no compensatory effect to awn presence or absence in the other 
ear components (glumes, lemma and palea).  
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The variation in ear area supports the conclusion that differences in A (ear-1) were driven 
by photosynthetic surface area, as the largest variation in ear area and A (ear-1) was 
observed in pair 1, which had the largest awns, at both growth stages (Table 2-4). There 
was an apparent compensation between spikelet number and awn presence in pairs 2 and 
3 (Table 2-5), which was linked to reduced variation in ear area observed within these 
NILs. Spikelet number can be decreased due to allocation of assimilates to the developing 
awns (Guo & Schnurbusch 2016; Rebetzke et al. 2016). However, this was not apparent 
in pair 1, where the awned line had a higher mean spikelet number. Variation in ear area 
within NILs decreased at grain-filling, which could be linked to visual signs of senescence 
in the awns during this stage. Senesced area would not have been counted in the imaging 
of ear area, which could have reduced the variation. Awn tip senescence was particularly 
evident in pair 3 during grain-filling. Evans et al. (1972), suggested that awns had a 
tendency to senesce later than flag leaves during grain-filling. However, Olugbemi et al. 
(1976a) also observed earlier senescence in awns compared to the rest of the ear, which 
was only slightly later than the flag leaf.   
In 5 of the 6 lines measured, A (ear-1) decreased from flowering to grain-filling. Similarly, 
Zhou et al. (2016) measuring gas exchange at grain-filling using a LI-COR conifer 
chamber and the same development stages as the present study, also found that mean A 
(ear-1) was reduced and also observed a decrease in RDARK (ear
-1). In contrast, in the SHW 
NILs RDARK increased substantially in every line through the development stages. High 
RDARK at grain-filling can be attributed to maintenance respiration in the ear components, 
in addition to starch synthesis in the developing kernels (Knoppik et al. 1986). Araus et 
al. (1993) also observed high RDARK during the same grain-filling, which was 1.74 fold 
higher than A (ear-1). In the SHW NILs, the increases in RDARK indicated that if respiration 
is considered, as shown by the parameter GAR (Figure 2-12), then in pairs 1 and 2 A (ear-
1) may have increased or at least maintained across the development stages.  
The correlation observed between RDARK (ear
-1) and A, indicated that the awned lines have 
higher respiration rates. Furthermore, this was proven by the variation within the NILs 
where 2 of the 3 pairs had higher RDARK (ear
-1) at both stages in the awned lines (pair 1 
and 3). These trends indicated that maintenance respiration of the awns may have 
increased RDARK (ear
-1). The increase in RDARK during grain-filling did not substantially 
change the variation between the NILs (Table 2-4), suggesting that the escalation across 
growth stage was caused by developing kernel respiration, which is independent of awn 
presence.       
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2.4.2.2 Leaf Gas-exchange 
Within NIL pairs, mean A (flag leaf-1) was higher in every unawned line (except pair 3 at 
grain-filling), with substantial variation observed in two pairs at different growth stages. 
As no relationship was found between awn presence and leaf area, the lower A (flag leaf-
1) in the awned lines was driven by flag leaf A (cm-2) variation. Flag leaf A (cm-2) was 
lower in every awned line at flowering and in 2 of the 3 at grain-filling. Olugbemi et al. 
(1976a) found similar results, where awn presence in awned-unawned NILs reduced 
photosynthesis in the flag leaf, leaf lamina and peduncle. In this study they hypothesised 
that shading from the awns could have reduced photosynthetic activity in the lower 
canopy levels. However, organ detachment studies have shown the leaf and ear compete 
for N allocation (Guitman et al. 1991; Liu et al. 2017). The developing ear (and 
presumably awns) competes for assimilates with several sinks, these include the 
uppermost leaves, stem and roots (Evans et al. 1981). Rawson (1970) observed that 
increases in ear area can lead to a reduction in flag leaf area, but speculated that the leaf 
photosynthetic apparatus was not diminished. In the present study, leaf area was 
unchanged between NILs but A (cm-2) was decreased. As awn development can reduce 
assimilate partitioning to the spikelets and florets (Guo & Schnurbusch 2016; Rebetzke 
et al. 2016), there could also be a reduction of assimilate partitioned to the flag leaf. 
Allocation of assimilates to developing awns may have reduced investment into leaf 
photosynthetic apparatus. The lower flag leaf A (cm-2) observed in the awned lines could 
have been driven by compensatory effects to photosynthetic downstream-demand linked 
to awn development. Comparisons of flag leaf N content between the NILs would be 
needed to support this hypothesis.  
Alternatively, the variation could be linked to difference in photosynthetic supply. Mean 
E (flag leaf-1) was mostly higher in the unawned NIL flag leaves (except pair 1 at 
flowering and pair 3 at grain-filling), which could indicate a higher gs as the two 
parameters are closely linked (Lawson & Blatt 2014). However for reasons discussed 
later, gs was not presented in this chapter. Maydup et al. (2014) found that the presence 
of awns increased hydraulic conductance to the ear, which is supported by evidence in 
the present study, where every awned NIL had higher E (ear-1) at both growth stages. 
Empirically, visual observation of leaf rolling seemed more frequent in the awned lines 
during grain-filling (Figure 2-17). The higher ear water expenditure linked to awn 
presence, may have led to a reduction of water availability to the leaf, leading to decreased 
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gs and A. Further work is needed to test this hypothesis, potentially by analysing the 
impact of awn presence on RWC and the hydraulic conductance of the different organs.  
 
Figure 2-17 - Visible signs of leaf rolling in the canopies of pairs 3 (a) and 2 (b) during the growth 
stage period of grain-filling in the NILs field trial. Photographs on the left show the unawned canopy 
from each NIL, whilst photographs on the right show the awned counterparts.   
2.4.2.3 Organ Comparison  
Across all the lines and at both growth stages the ear maintained substantially higher 
RDARK than the leaf, this trend has been observed in a number of studies (e.g. Araus et al. 
1993; Knoppik et al. 1986; Teare et al. 1972b). At flowering mean GAR was higher in 
the flag leaves compared to the ears in every pair of NILs. During grain-filling this trend 
was reversed in the awned NIL of pairs 1 and 2 and both NILs in pair 3. This shift was 
driven by two factors, firstly, the increases in RDARK (ear
-1) across growth stages. 
Secondly, the decreases in flag leaf A (cm-2) during grain-filling, which was most severe 
in the awned lines and both NILs of pair 3. A possible explanation may be that during 
later stages of development chloroplast degradation takes place at a faster pace in the flag 
leaf compared to the awn (Li et al. 2006; Maydup et al. 2014). 
Mean ear WUE was consistently higher than flag leaf WUE, which is a trend observed in 
a number of other studies (Abbad et al. 2004; Araus et al. 1993). Araus et al. (1993) found 
that WUE was 33% higher in the ear bracts compared to the leaf blade using carbon 
isotope analysis, linking the higher efficiency to a lower gs and the xeromorphic features 
of the ear bracts. Measuring at the same grain-filling stage as the present study, they also 
a). 
b). 
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found through gas-exchange analysis that instantaneous WUE was higher in the ear than 
the leaf blade, as long as RDARK was accounted for. We found the highest WUE in the most 
awned line (1-A). Blum (1985) found that awns contributed a low proportion of total ear 
transpiration (10 - 20%) but a high proportion of total ear photosynthetic rate (40 to 80%), 
hence high ear WUE. The present study confirms the general assumption that the ear has 
a higher WUE than the leaf, if A is adjusted for RDARK.  
2.4.3 Yield Results in the SHW NILs  
Evidence supporting the yield advantages of awn presence is conflicting, ranging from 
positive effects (Scharen et al. 1983), to negative effects (McKenzie 1972) or no apparent 
variation (Rebetzke et al. 2016). The assumption could be made that the advantage of 
awn presence on yield is environment specific and dependent on water availability (Evans 
et al. 1972). However, across 25 environments Rebetzke et al. (2016) found that there 
were not significant differences in grain yield between 45 awned-unawned NILs. Out of 
the 5 NIL pairs in the present study, only two maintained consistent variation across 
different locations and years, with the awned line consistently yielding higher in one pair 
but lower in the other. Therefore, no conclusions could be drawn about the overall effect 
of awn presence on yield based on these five pairs of NILs across the multiple years and 
locations. However, every environment was ‘rain-fed’, so more variation might become 
apparent under different watering regimes.     
For the pairs included in the gas-exchange measurements, a higher mean grain yield and 
HI was observed in each unawned NIL. In 2 of the 3 pairs seed number was also higher. 
Rebetzke et al. (2016) suggested that allocation to awn development reduced grain 
number and floret fertility. Another factor reducing the possible benefits of an increased 
A (ear-1) as a consequence on awn presence, is the higher respiratory CO2 losses resulting 
from the awn tissue (Scharen et al. 1983). This hypothesis is supported by the increased 
RDARK linked to awn presence observed in 2 of the 3 pairs. Awn presence may increase 
the proportion of photo-assimilate remobilised to the developing grain from the ear. 
Resulting in less reliance on other source supplies (such as the flag leaf), this idea is 
supported by the lower A in the flag leaves of awned lines observed in this study. While 
this shift in source supply may have advantageous effects in drought conditions (Maydup 
et al. 2014), the presence of awns has been shown to have detrimental effects to grain 
yield under irrigation (Evans et al. 1972).  If the supply of assimilate remobilised from 
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other sources is greater, there could be yield penalties related to awn presence, when water 
is not limiting.  
2.4.4 Genetic Analysis of Awn Presence in the SHW Collection.  
Results for the GWAS analysis identified significant markers relating to the awn trait, 
which were all located on chromosome 5A, ranging from 43.0 to 71.9 cM. The SNP with 
the highest –log10 (P) value (39.3) was AX-94729059 located at 58.4 cM, this marker 
has been developed into a kompetitive allele specific PCR assay (BS00106118, 
Wilkinson et al. 2012). Over separate years, the same SNP was the closest marker to QTL 
linked to awn presence in 10 bi-parental Paragon and Watkins mapping populations, with 
percentage phenotypic variation being explained from 14.7 to 74.6% by the QTL (JIC, 
WISP, DFW 2018). As discussed in section 2.1.3, there is the known B1 awn inhibitor on 
5A (Sourdille et al. 2002; Watkins & Ellerton 1940); although the inhibitors are identified 
the underlying genes are yet to be cloned (Mackay et al. 2014; Yoshioka et al. 2017). 
Olugbemi et al. (1976a) hypothesised that most unawned European wheat has the 
dominant form of the B1 inhibitor gene, located near the centromere. Therefore, it could 
be assumed the B1 inhibitor gene was linked to the variation observed in the WISH panel. 
The primary SHW used in the WISH project were awned, so backcrossing with the 
unawned UK variety ‘Xi19’ will have introduced the dominant form of the B1 allele, this 
hypothesis is supported by the evidence in Table 2-6 where for every genotype similar to 
‘Xi19’ there was a negative marker effect on awn presence.   
The identified SNP and phenotypic associations could be used in Marker Assisted 
Selection (MAS) to promote or suppress awn development for breeding wheat in targeted 
environments. For the most significant marker association (AX-94729059), out of the 
total individuals in the complete collection, 89.3% of awned individuals were BB in 
genotype. In comparison, 90.1% of unawned individuals were AA in genotype. Within 
the NILs collection, including the parents used in the formation of the SHW families, the 
marker was associated with all of the phenotypic variation (Figure 2-18). This SNP could 
be used as an accurate marker linked to the genetic control of the awn trait on 5A. There 
was clear variation in awn formation between the 5 NIL pairs used in this study (Figure 
2-1), suggesting differences in the genetic regulation of the trait. Other major genes have 
been linked to the development of awns, located on 4A and 6B (Rao 1981; Sourdille et 
al. 2002; Watkins & Ellerton 1940). However, the GWAS picked up no other significant 
genetic polymorphisms related to the trait other than on 5A.    
Capturing Photosynthetic Traits from the Progenitors of Wheat. 
144  Tally Wright – September 2018 
 
Figure 2-18 – Schematic showing the awn trait and genotype variation for the marker AX-94729059 
in the NILs collection. The parents used in the SHW families formation are shown, including the 
primary SHW for each pair (pair number is shown in brackets) and the hexaploid parent used for 
backcrossing; Xi19. Missing data are shown by a blank space. 
The SNP genotype data, before removal of the heterozygotes, showed that the individuals 
of each NIL pair were highly isogenic with their counterparts. This comparison was not 
possible for pair 5 as NIL 5-NA was not genotyped. Departures from the random 
association of alleles at different loci is termed linkage disequilibrium (LD), and selection 
for a particular allele can lead to increased LD for closely linked loci (Mackay & Powell 
2007). Phenotypic selection for the awn trait in the formation of the SHW NILs could 
have resulted in increased allele frequency of a particular gene associated with either the 
presence or absence of awns, which may have influenced the gas-exchange or yield data. 
Other than the markers within the 28.8 cM region on 5A, none of the SNPs that varied 
within NIL pairs were the same across more than two pairs. This suggests that any 
background genetic effects (other than the presence/absence of awns) were random across 
all five pairs. 
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However, it is difficult to identify if any markers which varied across multiple pairs within 
the range of significant associations on 5A were linked to other phenotypes, such as grain 
yield. If a GWAS was completed using the WISH panel for the trait of grain yield, and 
marker associations were found on chromosome 5A, it could help identify the potential 
LD of other alleles influencing the yield data separate than effects associated with awn 
presence. 
For a number of markers mapped to the same position in the Wilkinson et al. (2012) and 
Allen et al. (2017) consensus map, there was genotype variation in the WISP collection 
(e.g. the significant markers AX-94394580 and AX-94622557). This disparity suggests 
diversity was present in the WISH collection in genetic regions that were in LD in the 
populations used to create the consensus map.    
2.4.5 Possible Study Limitations and Future work.  
Due to differences in heading and flowering date between the NILs, the pairs were 
sampled numerically (pair 1 to 3). This was suitable for comparisons between awned and 
unawned individuals within each pair as alternate measurements were made. However, 
pair 3 was measured towards the end of each development phase, which influenced the 
data during the grain-filling stage when there were signs of senescence. The problem was 
exacerbated by equipment failure which delayed the measurement of pair 3 by several 
days during grain-filling. Therefore, some of the variation observed between pair number 
at grain-filling was related to sampling date. However, pair 1 was generally more 
productive in terms of A (ear-1) and A (flag leaf-1) than pair 3 (Table 2-4), resulting in 
difficulty gauging the severity of the effect. A single LI-COR CC was used in the NILs 
field trial; if multiple machines were available then measurements could be taken 
simultaneously which would reduce differences in development stage between the NILs.  
The LI-COR CC has been used to measure wheat ear photosynthesis in other published 
studies (e.g. Tambussi et al. 2005; Zhou et al. 2016). However, a recent publication by 
Fortineau & Bancal (2018) has highlighted key limitations to the chamber in comparison 
to their custom built design. These limitations, to some degree, reflect observations made 
during the NILs field trial. Firstly, the LI-COR CC had a unidirectional light source. 
Although, Fortineau & Bancal (2018) found that at saturating light there was no variation 
in results between the custom built chamber (with homogeneous lighting) and the LI-
COR CC. The LI-COR CC does have an internal chamber reflective white gloss coating, 
meaning the whole ear was still illuminated with sufficient light intensity. If 
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measurements are conducted at a near-saturating light (Figure 2-3), then the potential 
issues associated with unidirectional lighting are diminished. Another limitation was that 
the cuvette was too short in length to contain ears without bending. The effect of bending 
would have opened previously shaded regions to light, whilst possibly shading regions 
which were lit before. In the present study, care was taken to bend the ear in the same 
fashion, although it was a difficult parameter to control. The custom built chamber by 
Fortineau & Bancal (2018) is longer than the LI-COR CC and could accommodate most 
ears without bending. However, the awned ears in the present study mostly exceeded the 
length of their chamber (15 cm) and awn bending would still be needed. Furthermore, 
taking measurements in the centre of  field plots required a portable chamber, at the 
current stage of development the Fortineau & Bancal (2018) chamber is restricted to the 
laboratory use only.  
Measurements of leaf temperature were another limitation of the LI-COR CC. Leaf 
temperature is used in gs calculations (Li-Cor 2012) but was measured without contact to 
the ear or leaf. Therefore, gs estimations may have been inaccurate and for these reasons 
were not reported. Finally, large chambers can be susceptible to leaks, but significant 
leaks were not detected in the present study.  
One of the difficulties in measurements of ear photosynthesis, is accuracy in ear area 
estimations (Tambussi et al. 2007). Other studies have measured the ear as a 
parallelepiped, by calculating the area of the different faces (e.g. Fortineau & Bancal 
2018; Zhou et al. 2016). This method is unsuitable when working with awned lines. The 
technique in the present study was suitable for estimating how awn presence changed 
spikelet area. However, it was assumed all spikelets were of equal size to the six central 
ones measured. Visual observations of wheat ears will always show this assumption to be 
incorrect, indicating there was an over estimation in ear size. Furthermore, the spikelets 
were imaged in a planar fashion, which would have missed variation in spikelet width 
and depth. A similar assumption was made for the leaves, although both sides of the leaf 
were illuminated within the chamber, the organ was treated as a one sided by the imaging. 
It is also possible that A (flag leaf-1) was overestimated as it was assumed the entire leaf 
would have the same A as the central region measured, which is not to the case (Allwood 
et al. 2015). These assumptions may have influenced the results of ear A (cm-2) and A 
(flag leaf-1). For ear A (cm-2) no variation was found. Variation in leaf A was linked to 
differences in flag leaf A (cm-2), as no variation was found in leaf area across the lines. 
Flag leaf A (cm-2) would have been unaffected by potential error caused from these 
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assumptions, as the areas used in calculations were taken from direct imaging of the 
leaves. The area estimations in the present study were adequate for measuring differences 
between the awned and unawned lines, in a relatively high-throughput fashion. To 
improve accuracy, a more sophisticated method is required for measuring ear area and A 
of entire flag leaves, but this is beyond the scope of this study.        
2.5 Outlook: Awns a Trait for Selection?   
Judging from the gas-exchange and harvest results there was no overall benefit of awn 
presence to grain yield in the 3 pairs of NILs studied under typical UK field conditions. 
The accession with the largest abundance of awns also had the highest A and RDARK (ear
-
1), and consequently showed the greatest penalty in yield compared to the corresponding 
unawned counterpart, in a trend maintained over multiple years and locations. Therefore, 
as awn presence was also linked to a decrease in photosynthetic activity in the flag leaf, 
it would be a trait selected against in breeding for a well-watered environment. The SNP 
and phenotypic associations identified through the GWAS could be used to facilitate 
MAS to suppress this trait.  
Across all five pairs of NILs studied in the yield analysis, in one pair awns did provide a 
yield advantage. However, no gas-exchange analysis was completed on these NILs, 
meaning the physiology driving this trend was unstudied. Further analysis should include 
a detailed comparison of the pairs where yield differences were observed across multiple 
trials (Pair 1 and 5). Natural stable isotope labelling could be implemented in parallel to 
further field gas-exchange analysis, to determine each organs contribution to grain-filling 
and the direct influence awn presence is having on the yield variation.        
Chapter Findings Summary.  
1. The two awned T. dicoccoides accessions from Chapter 1 possessed higher per 
ear net CO2 assimilation, A (ear
 -1), than the two unawned modern elite wheats: 
Paragon and Robigus.  
2. In 3 pairs of field grown Synthetic Hexaploid Wheat Near Isogenic lines (SHW 
NILs), the presence of awns was associated with increased A (ear -1), but no 
change to ear per unit CO2 assimilation (ear A cm
-2). Therefore, this variation was 
driven by the increases in ear surface area associated with awn presence.  
3. There was a reduction in flag leaf per unit CO2 assimilation associated with awn 
presence, but no variation in leaf area between the NILs of each pair.   
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4. In 4 out of the 5 NILs, mean grain yield was higher in the unawned line. This 
trend was only significantly maintained in 2 of the NILs across multiple locations 
and years: in one pair the awned line yielded lower and in the other the awned line 
yielded higher.  
5. A genome-wide association study was used to identify 22 significant marker 
associations with awn presence. All associations were found on chromosome 5A, 
where there is a known locus controlling awn presence.          
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The previous chapters have outlined flag leaf and ear photosynthetic characteristics which 
could be captured from a progenitor background to improve modern wheat. Genetic 
markers linked to these traits need to be identified in order to employ Marker Assisted 
Selection (MAS), to aid the introgression of this diversity. Based on data from previous 
chapters, and examples in literature, theoretical ideotypes were outlined to aid the 
secondary selection of physiological markers amenable to high-throughput screening that 
correspond with complex traits relating to photosynthesis and yield potential.   
A novel bi-parental Triticum dicoccum mapping population was created and genotyped 
with the 35K Wheat Breeders’ single nucleotide polymorphism (SNP) array. A new 
genetic linkage map was formed consisting of 1779 SNPs. Composite interval mapping 
(CIM) was used to identify quantitative trait loci (QTL) for 8 physiological markers in a 
glasshouse and field trial, which included 89 and 107 recombinant inbred individuals, 
respectively. These candidate marker-trait associations could be put forward for 
validation in subsequent field trials. The 8 physiological markers are proposed proxies 
for complex ideotype traits and were: awn length, flag leaf length and width, stomatal 
density, flowering time, leaf dry matter content, harvest index and ear number. However, 
no QTL was consistent over both trials. Physiological markers that correlated with yield 
components in the field trial were used to support the hypotheses made in the formation 
of the ideotype for a well-watered environment. The work in this chapter could aid the 
introgression of tetraploid landrace diversity into a modern hexaploid background, whilst 
also providing a framework of high throughput phenotype measurements that could aid 
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3.1  Introduction and Ideotype Formation. 
There is a gap to bridge between plant physiology and wheat breeding, particularly in 
terms of genetic selection for improving photosynthesis. This is partially accounted for 
by the complexity of crop photosynthesis, which is a labyrinth of dynamic processes from 
molecular to canopy levels. Ambiguity also exists when pinpointing which characteristics 
would be most beneficial for trait-based selection. This is exacerbated by crop gas-
exchange measurements being time consuming, expensive and reliant on complicated 
equipment, resulting in few opportunities for making selections in large breeding 
programs or mapping populations. If a platform of proxies could be identified that are 
both amenable to high-throughput phenotyping and secondary characteristics to more 
complex targeted traits, it would provide breeders with a physiological basis for making 
selections.   
3.1.1 Crop Ideotypes and Trait-Based Breeding.  
Recent progress in the physiological and genetic dissection of traits relating to crop 
performance have advanced opportunities in ideotype formation and trait-based breeding. 
The term ‘crop ideotype’ was originally defined as:  
“…a biological model which is expected to perform or behave in a 
predictable manner within a defined environment. More specifically, a crop 
ideotype is a plant model which is expected to yield a greater quantity or 
quality of grain, oil or other useful product when developed as a cultivar” 
(Donald 1968).  
This approach suggests breeders should focus on trait-based selection towards an 
ideotype, instead of empirical selection for grain yield (Martre et al. 2015). Selection 
solely for yield increases the risk of missing untapped genetic diversity from unimproved 
collections, which may be essential for future progress (Rasmusson 1991). Trait-based 
selection overcomes this risk and may be particularly advantageous in capturing diversity 
from progenitor wheat linages. However, the degree to which trait-based selection has 
been implemented in modern plant breeding is questionable. The general opinion within 
the industry is that the contribution of physiology to plant breeding has been underutilised 
(Jackson et al. 1996) and selection for grain yield still predominates. There has been some 
application of physiological ideotype breeding within the breeding community, although 
the success of this application is trait specific (Rasmusson 1991). Application is limited 
in the difficulty and cost of measuring complex traits that physiologists identify as 
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important (Rebetzke et al. 2000). Plant breeders work with large populations and require 
both instantaneous and inexpensive phenotyping techniques. Brennan et al. (2007) 
suggested that physiological assessment before large scale field trials, can not only be 
beneficial for screening for yield potential but also economic by creating an earlier stage 
of selection. As highlighted by Jackson et al. (1996), if physiological reseach is to be 
utilised in breeding, a selection criteria of targeted traits needs to be outlined for specific 
environments and high throughput proxies for these traits needs to be identified. The 
opportunity to achieve these goals may exist through physiological ideotypes designed 
for targeted environments.       
The use of crop ideotype frameworks over recent decades has focused mainly on major 
morphological traits, such as the introduction of dwarfing genes to improve harvest index 
(HI) (Reynolds et al. 2009), lodging resistance (Berry et al. 2007), optimisation of light 
capture and canopy formation (Peng et al. 2008; Sarlikioti et al. 2011). There has been 
considerably less focus on developing ideotypes for improvements directly related to 
photosynthesis or based on traits amenable to high-throughput phenotyping for genetic-
marker association. Photosynthetic ideotypes that have been outlined either focus on 
complex gas-exchange measurements (e.g. Gu et al. 2012) or do not provide a source of 
diversity for trait manipulation (e.g. Tholen et al. 2012). If physiological markers could 
be developed for indirect selection of more complex traits, this would facilitate the 
development of a ‘physiological ideotype’, allowing diversity from progenitor wheat 
linages and across mapping populations to be incorporated.     
In the Donald (1968) ideotype definition, it was argued that the model plant will yield a 
greater quantity of a useful product. Grain yield and yield stability are generally the 
overall goal of crops improvement. Effective combination of trait-based improvements 
should lead to a higher yielding plant within a target environment. However, the 
contribution of individual traits is difficult to estimate. Yield comparisons between 
progenitor and modern wheat can lead to biased estimations, due to evolutionary 
differences in selection pressure.  In theory, trait and yield interactions can be split into 
three categories.  
i. Traits which directly contribute to grain yield, including assimilate 
remobilisation and the source-sink balance.  
ii. Traits that indirectly contribute to grain yield, but more accurately 
contribute to the amount of photo-assimilates pooled for remobilisation. 
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These traits include: CO2 demand and supply, radiation capture and 
photosynthesis duration.  
iii. Traits that contribute to yield stability in a targeted environment; 
including water expenditure and, potentially, investment into ear 
photosynthesis.  
3.1.2 Forming a Photosynthetic Ideotype.   
To enable effective trait-based ideotype breeding, a framework of targeted integrative 
traits needs to be outlined. From this framework, physiological markers can then be 
derived for indirect selection of the more complex traits.  Using traits discussed in Chapter 
1 and 2, typical ideotypes for two targeted environments, water-limited and well-watered 
environments, have been generated (Figure 3-1). The schematic highlights where 
selection could be implemented, to either promote or supress characteristics ranging from 
organ level to the entire plant. In principal, the traits reflect identified characteristics 
which have been shown to be important for photosynthetic productivity, and in theory 
grain yield, within a given environment. These concepts are based on direct observations 
made in the present project, whilst also incorporating more generally accepted targeted 
traits outlined for photosynthetic improvement. Furthermore, based on evidence from the 
present study,   the ideotypes indicate where diversity within progenitor tetraploid wheat 
might be advantageous for modern wheat improvement, or where traits have already been 
fixed through domestication.       
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Figure 3-1 – Two theoretical ideotypes for different target environments (Water-Limited and Well-Watered) combining selection strategies for important complex 
traits identified in the previous chapters. The traits were either present in the progenitor background (blue) or in cultivated modern wheat (red), therefore, diversity 
from these backgrounds could be captured for trait selection.  For each ideotype, traits are separated into three categories: ear traits, leaf traits and whole plant traits. 
The term ‘Selection For’ indicates complex traits breeders should try to promote in a particular environment. In comparison, ‘Selection Against’ indicates traits 
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Leaf Traits  
In the present study, increased mesophyll conductance (gm) and stomatal conductance (gs) 
were linked to higher CO2 assimilation (A) (Chapter 1: 1.3.1). The T. dicoccoides 
accessions showed both high gm and gs, so are a promising source of diversity for either 
ideotype by improving CO2 supply (Figure 3-1). Selection for high gm is warranted to 
optimise CO2 supply, regardless of the targeted ideotype environment. Increased gm  has 
potential for improving WUE (Tomás et al. 2014) and is already a major constraint of 
photosynthesis (Flexas et al. 2012). In comparison, gs is a more environment-specific 
trait, as ideotype selection for increased gs will have negative effects on water expenditure 
(Gu et al. 2012). However, promoting gs in water rich environments can directly benefit 
grain yield (Barbour et al. 2000; Condon et al. 1987), by increasing CO2 supply regardless 
of water-loss.  
Down-stream photosynthetic demand mediated by Rubisco activity is a non-environment 
specific ideotype trait fundamental to CO2 fixation. Observed correlations between flag 
leaf nitrogen content and photosynthesis (Evans 1983, 1989), have highlighted the 
importance of Rubisco content to A. Furthermore, down-stream demand could be 
increased by optimised catalytic properties of the enzyme, where there is still potential 
for selection based improvement (Figure 3-1; Prins et al. 2016). Mean leaf nitrogen was 
higher in modern wheat than progenitor lines (Chapter 1: 1.3.1), however, the T. 
dicoccoides line ‘dic71’ had a higher per unit area photosynthetic capacity (Amax); an 
indicator of higher photosynthetic nitrogen use efficiency (Poorter & Evans 1998). 
Furthermore, the progenitor lines also showed significantly higher carboxylation 
efficiency (CEamb), suggesting the possibility of superior enzyme catalytic qualities.  
Associations between grain yield and FLA were measured (Chapter 1: 1.3.2) and selection 
for increased flag leaf area (FLA) has been linked with increased spikelet number and 
ultimately grain yield in bread wheat (Rao 1992; Yue et al. 2006). Furthermore, within 
limits, increasing leaf area improves radiation interception (Parry et al. 2011). 
Domesticated wheat lines had considerably larger FLA than progenitor individuals, which 
was linked to higher A (leaf-1) (Chapter 1: 1.3). However, increases in leaf area can be 
associated with greater canopy shading and increased respiratory cost (Drewry et al. 
2010; Srinivasan et al. 2017). In a high light environment where radiation capture is not 
limiting, investment into leaf thickness rather than size is typically observed (James & 
Bell 2000; Terashima et al. 2001). In Chapter 1, T. dicoccoides individuals had smaller 
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FLA but higher A per unit area, possibly relating to a natural selection response to the arid 
environment typical of the geographic regions from which the accessions were originally 
collected. Therefore, selection for a smaller flag leaf with increased thickness could be 
beneficial in promoting photosynthetic capacity per unit area, provided light is not 
limited.     
Ear Traits  
Higher A (ear-1) was shown to be of limited benefit to grain yield in a water rich 
environment (Chapter 2). In these conditions, investment into ear photosynthesis, via the 
presence of awns, has been associated with a trade-off leading to reduced flag leaf 
photosynthesis (Chapter 2; Olugbemi et al. 1976). However, in a drought prone 
environment the presence of awns is known to be beneficial to grain yield (Evans et al. 
1972). Therefore, the higher A (ear-1) observed in T. dicoccoides individuals in 
comparison to elite varieties (Chapter 2: 2.3.1), indicates a promising source of diversity 
for the ‘Water-Limited’ ideotype.  
Sink strength can be a significant limiting factor to grain yield (Miralles & Slafer 2007; 
Slafer & Savin 1994; Zhang et al. 2010). Therefore, improvements to source aspects 
(assimilate availability) need to be complemented with increased sink strength across 
both ideotype environments. This could be achieved by selection for increased ear size, 
which is an important trait when forming ideotypes for improved yield (Donald 1968; 
Foulkes et al. 2011). Selection for increased ear length could lead to a higher spikelet 
number, and ultimately, more grains per ear (Denćić 1994). Genetic variation in ear size 
has been described in a number of publications (Sharma et al. 2003; Zhai et al. 2016). 
Furthermore, observed variations in overall ear surface area between species and 
accessions (see: 2.3.1 and 2.3.2), suggests selection could be implemented to improve 
sink strength.  
Plant Traits         
Photosynthetic duration is an ideotype trait dependent on the target environment. In the 
‘Water-Limited’ environment early flowering is advantageous to limit drought exposure 
(Kenney et al. 2014; Shavrukov et al. 2017). Crops typically rely on photoperiod response 
to determine flowering time based on environmental cues such as day length. For 
example, the Photoperiod-H1 (Ppd-H1) locus in barley (Turner et al. 2005), which has 
been shown to be an important gene in geographical adaptability (Jones et al. 2011). Early 
flowering was a characteristic present in T. dicoccoides lines (Chapter 1, Appendix 4), 
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which could be linked to drought avoidance in their environment of origin. Alternatively, 
prolonged leaf longevity, and therefore increased photosynthetic duration, has been 
shown to be advantageous to yield (Carmo-Silva et al. 2017), as long as water is not 
limiting during the grain-filling period (Richards et al. 2010). Extended photosynthetic 
duration was found in domesticated wheat lines rather than the progenitor species 
(Chapter 1, Appendix 4).     
Maximising partitioning of assimilates to grain yield is a complex trait which theoretically 
should be selected for in both ideotype environments. Major improvements to grain yield 
were accomplished by increasing the partitioning of assimilates to the grain at the expense 
of stem biomass (Austin et al. 1980). Years of selection for grain yield in bread wheat 
has led to increased photo-assimilate remobilisation to the grain (Evans & Dunstone 
1970). As natural selection does not inevitably favour agronomic grain yield (Leister 
2012) and wild relatives do not undergo anthropogenic selection, it is not surprising that 
the progenitor tetraploid lines in this study were lower yielding (Chapter 1, see: 1.3.1 and 
1.3.2).  Therefore, this ideotype trait is mostly likely a characteristic already present in 
the bread wheat background.  
3.1.3 Physiological Markers 
Physiological markers are proxies for complex traits which are amenable to high-
throughput phenotyping, and would facilitate screening of large populations or diverse 
wheat collections, in order to identify genetic markers to aid the introgression of desirable 
traits into the modern wheat genepool via MAS. Physiological markers linked to each 
complex trait are listed in Table 3-1. These markers are based on observations in previous 
chapters, examples in literature and available diversity between the mapping population 
parents. The relevance of each of the physiological markers to the complex traits are 
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Table 3-1 - Proposed physiological markers relating to targeted ideotype complex traits shown in 
Figure 3-1. The link between each physiological marker and targeted trait was established either in 
analysis in Chapters 1 and 2, or through using evidence in literature.  
Targeted Traits Physiological Markers 
Leaf Traits 
 
CO2 Supply gs: Stomatal density and size; carbon isotope 
discrimination (Δ13C).  
 gm: Leaf dry matter content; specific leaf area.  
CO2 Demand Leaf N content; chlorophyll content; leaf area and 
thickness. 
Water Expenditure Stomatal density and size; carbon isotope 
discrimination (Δ13C); relative water content (RWC). 
Radiation Capture and Utilisation Leaf area; leaf angle; chlorophyll fluorescence. 
Ear Traits 
 
Ear Size Ear height, width and area; spikelet number. 
Ear Photosynthesis Awn presence; awn length.  
Plant Traits 
 
Assimilate remobilisation Grain yield; Harvest Index. 
Photosynthetic duration Flowering time; leaf longevity. 
 
CO2 Supply and Water Expenditure.  
The T. dicoccoides lines had higher gs than modern wheat, which was linked to a higher 
stomatal density per unit area (Chapter1: 1.3.1). Stomatal size may also be linked to gs, 
as trade-offs between stomatal density and size are often observed (Franks et al. 2009; 
Hetherington & Woodward 2003). Furthermore, the T. dicoccoides lines had higher Δ13C, 
which can be used as an indicator of stomatal relations and photosynthetic capacity over 
the lifespan of a leaf  (Farquhar et al. 1982, 1989). The parameter RWC is also a useful 
tool for screening drought tolerance (Silva et al. 2007). 
In section 1.3.1, there was a link between mesophyll intercellular airspace and gm. Other 
studies have also reported negative correlations between gm and leaf mass per area (see: 
Flexas et al. 2008, 2013; Tomás et al. 2013), suggesting leaf dry matter analysis could be 
used as a proxy for gm.  
CO2 Demand 
The downstream activity of photosynthetic enzymes is an important determinant of 
photosynthetic demand; chlorophyll and leaf nitrogen contents have been shown to be 
proportionate to Rubisco activity (Evans 1983), highlighting their potential use as 
proxies. Flag leaf area was an important determinant of A (leaf-1, Chapter 1) and is an 
obvious indicator of the area based photosynthetic capacity of the organ. Furthermore, 
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flag leaf thickness could also be measured as physiological marker for photosynthetic 
capacity, as positive correlations have been observed in other studies (McClendon 1962; 
Oguchi et al. 2003).  
Radiation Capture and Utilisation  
When other factors are not limiting, chlorophyll content is proportional to the rate of 
photosynthesis (Fleischer 1935). Furthermore, chlorophyll fluorescence is used as a tool 
in measuring photosynthetic performance of crops (Maxwell & Johnson 2000) and is 
informative of the proportion of captured light energy invested into photochemical 
pathways (Baker 2008; Murchie & Lawson 2013). As canopy dry matter content can be 
positively correlated with radiation capture (Shibles & Weber 1966); selection for 
increased leaf area is an avenue for increasing canopy photosynthesis (Beadle & Long 
1985). Conversely, it has also been argued that smaller flag leaves would increase light 
utilisation through the canopy (Donald, 1968).   
Ear Size and Photosynthesis  
Ear size and awn length are determinants of gross ear photosynthesis (Evans & Dunstone 
1970), but accurate ear area estimations are difficult to obtain due to the complex shape 
of the organ (Chapter 2). However, Fortineau & Bancal (2018) and Zhou et al. (2016) 
made estimations of ear size (excluding awns) by treating the organ as a parallelepiped 
and calculating the area of each face. This method can be completed in a relatively high 
throughput fashion and was used in the ploidy field trial (Chapter 2). Variation in awn 
length in modern wheat has been observed in a number of studies (e.g Maydup et al. 
2014; Rebetzke et al. 2016). As awn presence was linked to increased ear CO2 
assimilation (Chapter 2), it could be hypothesised that increasing awn length will have a 
similar effect and could be used as a proxy for selection to increase ear photosynthesis.  
Assimilate Remobilisation 
Assimilate remobilisation has been measured in other studies using a range of different 
techniques (e.g. Bell & Incoll 1990; Zhou et al. 2016). However, these techniques are not 
amenable to high throughput phenotyping. High yields are associated with the increased 
remobilisation of a crop’s biomass to the harvestable product (Richards 2000). Therefore, 
measurements of grain yield and HI are, not only the overall goal of crop improvement, 
but suitable proxies for estimating assimilate remobilisation and partitioning to grain.  
Photosynthetic Duration.  
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Flowering time is a trait that can be scored directly in the field (Pask et al. 2012). The 
duration of green area after flowering is dependent on the dynamics of senescence (Slafer 
& Savin 1994). To select for delayed senescence, and a thus extended photosynthetic 
duration, post-flowering flag leaf longevity can be used as a physiological marker.    
3.1.4 Marker Assisted Selection and QTL mapping.  
The selection of a phenotype based on an associated DNA marker is called marker 
assisted selection (MAS). The use of MAS can facilitate the introgression of quantitative 
trait loci (QTL) from a donor background (Hospital & Charcosset 1997) and 
introgressions from a wild background into domesticated wheat (Merchuk-Ovnat et al. 
2016b; Nevo & Chen 2010). To use MAS effectively, accurate marker-trait associations 
need to be established via QTL mapping.   
A QTL is the individual loci within a genome that is linked to the region controlling a 
quantitative trait (Tanksley 1993). The process of ‘QTL mapping’ involves connecting a 
genetic marker, assumed to be closely linked to the QTL, with the phenotypic variation 
present in a mapping population. A mapping population is typically formed via the 
hybridisation of two parental lines which contrast in the targeted phenotype. After the 
population has been created, genetic polymorphisms (DNA markers) need to be identified 
between the parental lines, which are then screened across the entire population (Collard 
et al. 2005). Using the genotype data in the population, linkage analysis is completed 
based on the recombination between markers, which forms a linear arrangement of the 
DNA markers into different linkage groups (or chromosomes) to provide a new genetic 
map (Doerge 2002). There are three stages to a genetic map formation: markers are first 
clustered in linkage groups, then markers are ordered within a linkage group; and finally 
the genetic distance between neighbouring markers is predicted (Wu et al. 2008) The 
genetic map is a guide to the location and distance of a marker or QTL along each 
chromosome. The mapping population is then phenotyped for the targeted trait, and a 
range of techniques can be used for identifying associations between the mapped DNA 
markers and the quantitative trait variation. These techniques range from single marker 
analysis to the more complex multiple QTL model fitting (Broman & Sen 2009). One of 
the most commonly used methods in bi-parental mapping studies is composite interval 
mapping (CIM, Li et al. 2007), which includes additional markers as cofactors within the 
analysis, reducing the variation associated with linked QTL (Doerge 2002) and offers 
increased accuracy in mapping QTL than single marker analysis (Collard et al. 2005). 
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Mapped QTL have provided a large abundance of marker-trait associations for adoption 
in MAS (Collard & Mackill 2008). 
The increased availability of high density genotyping arrays has aided the application of 
QTL mapping and accessibility to genetic diversity in progenitors and related species 
(Winfield et al. 2016). Single Nucleotide Polymorphisms (SNPs) are powerful markers 
in high-throughput genotyping technology due to their abundance across the wheat 
genome (Rimbert et al. 2018). The 35K Wheat Breeders’ array is an example of a SNP 
genotyping array which aids the formation of high density genetic maps of novel 
populations (Allen et al. 2017). The Wheat Breeders’ array has been used in a number of 
studies for identifying QTL and population structures in tetraploid wheat (Kabbaj et al. 
2017; Lucas et al. 2017).  
The heritability of physiological traits relating to photosynthesis has been identified in a 
number of studies (e.g. Carver et al. 1989; Nevo et al. 1991; Rajabi et al. 2009; Rebetzke 
et al. 2001). Progenitor and tetraploid species have already shown merit as viable genetic 
resources for modern wheat in terms of diseases resistance (e.g. Peng et al. 2000, 2012) 
and abiotic stress tolerance (e.g. Simmonds et al. 2008). QTL have been identified in 
progenitor tetraploid wheat that relate to a large range of traits (e.g. Faris et al. 2014; 
Peleg et al. 2009; Peng et al. 2003). There has been limited investigation into QTL 
directly linked to photosynthetic traits. However, Merchuk-Ovnat et al. (2016a) used 
MAS to introgress a T. dicoccoides QTL to improve drought tolerance in cultivated 
wheat. Although not directly targeted, Merchuk-Ovnat et al. (2016b) showed that the 
QTL increased photosynthetic capacity, flag leaf area, sink capacity and grain yield. The 
drought tolerance QTL was identified in an earlier study by Peleg et al. (2009), where 
they found 110 QTL for 11 traits, including photosynthetic duration, carbon isotope ratio, 
dry matter content and chlorophyll content. These studies highlight the potential of using 
MAS to transfer beneficial diversity to modern wheat from a tetraploid background.  
3.1.5 Chapter Aims  
  
Alongside beneficial traits, introgressions from a wild source can lead to undesirable 
traits; a phenomenon termed ‘linkage drag’. Undomesticated traits such as shattering and 
sterility can be introduced from wide crosses (Tanksley & Nelson 1996), leading to a 
reduction in yield. Yield penalties were associated with introgressions from T. 
dicoccoides in Chapter 1. To avoid these issues, but still aiming to access the genetic 
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reserve of the AB genome, QTL mapping of the physiological markers was conducted in 
a novel T. dicoccum population. Cultivated emmer was directly domesticated from T. 
dicoccoides (Civáň et al. 2013; Özkan et al. 2002; Peng et al. 2011). Furthermore, after 
domestication, gene flow still occurred between the cultivated and wild populations of 
emmer (Luo et al. 2007). Therefore, untapped diversity may still be present within the T. 
dicoccum background, reflecting the wild progenitor.  
The aims of this chapter were:  
1). Form a novel mapping population between two T. dicoccum landraces, which showed 
variation in ideotype related traits in preliminary observations.   
2). Within different environments, phenotype the physiological markers outlined in the 
ideotype to identify variation in the mapping population and parental lines.  
3). Genotype the mapping population after several generations of self-fertilisation using 
a high density SNP array.  
4). Create a new genetic map with SNP genotype data.  
5). Use QTL mapping to identify marker-trait associations for potential use in MAS to 
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3.2 Methodology  
3.2.1 Material and Trials. 
Material 
Mapping Population Formation and development 
A tetraploid mapping population (PS1) was formed by crossing two T. dicoccum 
landraces.  The maternal parent ‘Tios’ and the paternal parent ‘dic12b’, were T. dicoccum 
landraces originating from Spain and Iran, respectively. These landraces have ongoing 
pre-breeding significance in the Wheat Improvement Strategic Program (WISP). In 
preliminary gas-exchange glasshouse analysis, White and Leigh (unpublished) identified 
that Tios had higher leaf A per unit area than dic12b. When these lines were tested in the 
field during the present study (Chapter 1), this variation was not apparent. However, the 
mapping parents did show a range of variation for the physiological markers of interest 
in this Chapter and thus the population was continued. The contributors to the preliminary 
analysis, population formation and advancement, are listed in Appendix 6.      
As the cytoplasm, and organelles within, show strict maternal inheritance (Griffiths et al. 
1999; Leigh et al. 2013), the direction of the cross was fixed. Although, the targeted 
phenotypic traits (discussed later on) are not known to be linked to chloroplast genes. The 
parental lines were taken from single founder plants to reduce landrace genetic 
heterogeneity. The parental hybridisation took place in October 2014, where the maternal 
parent Tios was emasculated when plants had reached GS55 - 59 (Zadoks et al. 1974) 
and pollinated two days later with pollen from dic12b ears undergoing anthesis. From this 
cross the PS1 population was formed; the stages of development are shown in Figure 3-
2. Seed was hand threshed from crossed ears and 6 F1 plants (Table 3-2) were sown in 
into 1 L pots in a glasshouse at Park Farm, NIAB with supplementary lighting. Larger 
mapping populations provide higher resolution for QTL mapping (Collard et al. 2005). 
Therefore, to form a mapping population with 200 individuals, F2 seed was sown from 
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Table 3-2 – The formation of 200 individuals for the PS1 mapping population, sown from F1 plants 
of crosses made between Tios and dic12b in October 2015.  
F1 Plant Seeds sown Individual codes   
PS1_A 34 PS1_A_1 to PS1_A_34 
PS1_B 43 PS1_B_1 to PS1_B_43 
PS1_C 34 PS1_C_1 to PS1_C_34 
PS1_D 34 PS1_D_1 to PS1_D_34 
PS1_F 22 PS1_F_1 to PS1_F_22 
PS1_G 33 PS1_G_1 to PS1_G_33 
Total  200 -  
 
Single seed decent (SSD) is a technique used for fast advancement through generations, 
with the aim of increasing homogeneity (van Oeveren 1991), individuals are left to self-
fertilise and one seed is then sown to advance to the next generation. This method was 
used in the development of the PS1 population (Figure 3-2). During each generation, once 
the main tiller of each plant had reached GS57 - GS59, the ears were covered in a 
cellophane clear bag to prevent outcrossing and promote self-fertilisation. The F2 and F3 
generations were sown in 96 well trays to promote single tillering. As discussed in the 
trial descriptions below, at the F4 generation all individuals were planted in 5 L pots. In 
total 100 individuals produced F5 seed which was sown into a field trial at the New 
Ornamentals Field, Park Farm, NIAB. By the F5 generation, the population size had been 
reduced due to germination failures and sterility, which may have been related to the poor 
adaption of the landraces to the glasshouse environment. To increase population size, F4 
seed was also sown into the trial from 39 F3 lines which failed to produce ears in the F4 
to F5 glasshouse grow out. Of the 100 F5 individuals sown 87 germinated; 33 of the F4 
individuals germinated. In total phenotypic data were obtained from 120 PS1 individuals 
in the 2017 field trial.  
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Trials used in this chapter include: 
 The 2016 winter preliminary glasshouse screen at Park Farm, Cambridge, NIAB. 
Hereafter called the ‘PS1 glasshouse trial’.   
 The 2017 summer field trial at Park Farm, Cambridge, NIAB. Hereafter called the 
‘PS1 field trial’. 
PS1 Glasshouse Trial. 
Figure 3-2 - A diagram showing the stages of development of the PS1 mapping population including: 
the original parental cross, genotyping, the single seed decent program and the field trials used for 
phenotype analysis. Excluding the original cross, the dates reflect the month each generation was 
advanced to the next generation. From 6 F1 plants, 200 individuals were sown and taken through 
single seed decent to the F4 generation, then 33 F4 individuals were re-sown from the last generation 
into the 2017 field trial with 87 F5 individuals. Genotyping and the 2016 glasshouse trial was 
completed on F4 individuals in the glasshouse.        
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During the F4 stage of the SSD program (Figure 3-2), the mapping population and 
replicated parents (individuals of the landraces) were grown in 5 L pots in a randomised 
order and contained on the same bench in a heated research glasshouse at Park Farm, 
Cambridge. Two different PS1 individuals were transplanted per 5 L pot using regular 
potting compost. Plants were supplied with regular manual irrigation, sodium 10000 lux 
supplementary lighting, day lengths of 16 hours, daytime temperatures of 22 °C and 
night-time temperatures of 15 °C. On the 10th of November 2016 plants were treated with 
an ammonium nitrate application at a rate of 352 kg ha-1, to achieve a universal N 
application of 122 kg / N. During stem booting, plants were individually staked. On the 
29th of September, 2016 a round of seed was sown for the 17 lines which failed to 
germinate, and these seedlings were transplanted to the 5 L pots on the 7th of October 
2016 to be included in the trial. Plants were harvested on the 9th of February 2017. 
PS1 Field Trial. 
Seeds were hand sown into two replicated 25.5 m2 plots (8.5 m x 3 m) on the 24th of 
March 2017 at the New Ornamentals Field, Park Farm, NIAB, Cambridge. Each plot had 
nine 8.5 m rows spaced every 30 cm. The 1st row, 9th row and the 25 cm at the start and 
end of each row was sown with Paragon seed to act as a buffer and to reduce edge effects. 
The 2nd, 5th and 8th rows were not sown with any seed to aid accessibility for phenotyping. 
The 3rd, 4th, 6th and 7th rows were organised into a randomised incomplete block design 
(Figure 3-3). The block design was incomplete as although the mapping parents were 
replicated over each block, the individuals were not. There were five blocks in total, each 
block took up 1.6 m of the four rows and contained the mapping population parents. The 
block design was used to ensure even distribution of parent replicates across the trial. 
Within each block, there were 32 mini-plots (30 mapping individuals and the 2 parents). 
Each mini-plot was a 20 cm row segment, consisting of a label and 3 seeds placed 5 cm 
apart. Three seeds were sown for each PS1 individual due to the planned sampling 
strategy: 2 different plants were needed for invasive and non-invasive measurements and 
an extra plant was included as a spare. Therefore, there were 2 replicate 8.5 x 3 m plots, 
both containing 3 plants of each PS1 individual.  
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Figure 3-3 - The trial layout of one of two 25.5 m2 plots in the PS1 field trial. The plot consisted of 5 
blocks, each block containing 32 lines. Each line occupied 20 cm of a particular row, with a label and 
3 seeds placed 5 cm apart. Each of the parents were included in each block and the order of lines was 
randomised.  
On the 28th of April 2017, gaps where seed had failed to germinate were filled with 
Paragon seed. On the 19th of April 2017, the plots were fertilised with on application of 
ammonium nitrate (34.5% N) at a rate 434 kg ha-1, in order to achieve a universal N 
application of 150 kg / N. The plots were treated with fungicide on the 18th of May 2017. 
On the 25th of June 2017, the trial was sprayed with further fungicide and insecticide. 
Herbicide was not applied to the plot, as routine hand weeding was carried out. Once the 
plants had reached GS39 they were all individually staked with a bamboo support to avoid 
lodging. Until senescence, in the absence of rainfall for 4 - 5 days the plots were irrigated. 
During the period of the 14th to the 23rd of August 2017, when fully senesced, whole 
plants were individually pulled out of the ground and stored in a perforated bag. The 
samples were transported to a drying wall, where they were dried for 72 hours and then 
stored for processing. 
3.2.2 Phenotypic Methodology 
PS1 Glasshouse Trial  
Material Sampling.  
Measurements of flag leaf length (FLL), width (FLW), area (FLA) and flowering time (FT)  
were made on main tillers of individual plants at GS61, at the same time dry matter 
analysis was then completed on secondary main tillers (which were typically at GS55).  
During plant senescence, flag leaf longevity (FLLONG) was recoded.  
Measurements 
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Flowering time: FT was scored when the first main tiller reached anthesis (GS61). The 
flowering time was then calculated from the number of days to flowering from the date 
of sowing (s-f). 
Flag leaf area: On the tagged tiller, FLL and FLW were recorded. The length from the leaf 
base to tip was FLL and FLW was measured at the widest part of the flag leaf. Then FLA 
was estimated using an equation from Teare & Peterson (1971):  
 
This is a high-throughput proxy for estimating FLA and less time consuming than using 
image analysis. A comparison between the methods is included in the appendices (see: 
Appendix 3). 
Leaf Longevity: On the same main tiller, FLLONG was scored by recording when each flag 
leaf reached 80% senescence. Then FLLONG was calculated by subtracting this date with 
FT, representing the number of days from flowering to 80% senescence (f-s).  
Leaf dry matter analysis: The parameters of SLA, LDMC and RWC were recorded using 
the same protocol used in Chapter 1 (except leaf cores were dried at 65 ⁰C instead of 60 
⁰C).  
PS1 field trial 
Material Sampling 
As discussed in section 3.2.1, there were two replications of the PS1 population grown in 
the 2017 field trial, the two plots were numbered plot 1 and plot 2. The plots were located 
5 meters apart from each other in the same field at NIAB, Cambridge. Plot 1 had the 
highest germination success and was the focus of the field phenotyping. If a line failed to 
germinate in plot 1 but did in plot 2, then the plant from plot 2 was used for analysis. The 
parents in plot 2 were also included in the analysis to identify potential variation between 
the plots.  
From the three plants sown for each PS1 individual, or parent replicate, two were 
assessed. The first plant of the three to reach GS61, was screened using non-invasive 
measurements and tagged with a red label. The second plant to reach GS61 was used in 
invasive measurements and tagged with a blue label. If only one plant germinated for an 
individual in plot 1, then that plant was used for non-invasive measurements and the 
invasive measurements were completed on plants grown in plot 2 if the line was present. 
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Every plant was measured at GS61, and as the population was segregating for flowering 
time the field screening was conducted from the 11th of June to the 1st of August 2017.   
Non-Invasive Measurements.  
Non-invasive measurements were completed in the field. Measurements for flowering 
time, flag leaf area, ear area and awn length were completed on main tillers at GS61 
(Zadoks et al. 1974). Measurements of leaf longevity and leaf thickness were completed 
post-anthesis.       
Flowering time: FT was scored using the same protocol as the PS1 glasshouse trial. The 
main tiller of each plant was then labelled with a red tag.   
Flag Leaf Area: FLL, FLW and FLA were recorded also using the same method as the PS1 
glasshouse trial. 
Awn Length: On the same tagged tiller, awn length (AL) was determined measuring the 
length from the tip of the ear to the tip of the longest awn (Pask et al. 2012).    
Ear Length: On the tagged tiller, ear length (EL) was measured from the base of the ear to 
the tip of the apical spikelet. 
Ear Width: On the tagged tiller, ear width (EW) was recorded in two measurements: the 
widest spikelet of the ear (EW1) and the widest point of the ear in a side-on orientation 
(EW2).  
Ear Area: Following Zhou et al. (2014), calculated ear area (ECA) was estimated by 
calculating the area of the four faces of each ear:  
 
Leaf Longevity: On the tagged tiller, FLLONG was scored using the same method as the 
PS1 glasshouse trial.  
Leaf thickness: Flag leaf thickness (FLTHICK) was measured on the tagged tillers using a 
Sylva S229 digital thickness gauge (Sylvac, Crissier). FLTHICK was determined halfway 
up each flag leaf to the right-hand side of the main vein, measurements were repeated on 
the same leaves over three separate days (21st, 23rd and 26th of June 2017). These three 
measurements were used for determination of mean FLTHICK.  
Grain yield and harvest index: Roots were cut off at the stem base and the remaining 
sample was weighed to determine total biomass per plant. As the T. dicoccum landraces 
were not free-threshing, the population required hand-threshing. For each plant, ears were 
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removed and counted to determine ear number per plant (EN). Excluding the smaller ears, 
which most likely came from back tillers, 3 ears were randomly selected for each plant 
and hand-threshed. Seed weight was then determined using the MARVIN seed analyser 
(GTA Sensorik GmbH, Neubrandenburg, Germany). The sample of 3 ears was used to 
estimate grain weight (yield) per ear (YE), which was multiplied by ear number to 
estimate grain yield per plant (YP).  To calculate harvest index (HI), YP was divided by 
biomass (plant-1). A validation test for using 3 ears to estimate overall YP is shown in the 
appendices (see: Appendix 4).  
Invasive Measurements. 
Invasive measurements were completed on the second replicate plant to reach anthesis 
GS61. Flag leaves were collected in the field and wrapped in wet tissue, sealed in a plastic 
bag and transported in a cool box to the field lab where measurements were taken.  
Leaf dry matter analysis: The traits SLA, LDMC and RWC were determined using the 
same method in Chapter 1, although a larger leaf corer was used and total of 1.28 cm2 
leaf tissue was sampled per individual and leaf cores were dried at 65 ⁰C.  
Leaf surface impression and stomatal density: The same protocol was followed in Chapter 
1 to estimate stomatal density per mm2 (SD) on the abaxial epidermis surface. Across a 
diverse collection of diploid, tetraploid and hexaploid wheat, Austin et al. (1982) 
demonstrated that SD was consistently higher on the abaxial flag leaf surface compared to 
the adaxial. Furthermore, Wang et al. (2016) successfully mapped QTL linked to abaxial 
stomatal density in wheat, for these reasons only the abaxial flag leaf surface was 
measured in the present study. Non-invasive measurements were not taken for individuals 
where only 1 seed germinated across the two plots, however, leaf surface impressions 
were taken on secondary main tillers of these plants on the 3rd of July 2017.  
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Table 3-3 – The physiological markers (with acronyms included) measured in the PS1 population. 
Each marker was hypothesised to be linked to the ideotype traits shown.   
Physiological Marker Acronym Unit Ideotype Trait 




Flag leaf length FLL cm  CO2 demand / radiation capture  
Flag leaf width FLW cm  CO2 demand / radiation capture  
Flag leaf area FLA cm2 CO2 demand / radiation capture  
Awn length AL cm  Ear photosynthesis  
Ear length  EL cm  Ear size / photosynthesis 
Ear area ECA cm2 Ear size / photosynthesis 
Flag leaf longevity FLLONG 
 Flowering to 
Senescence  
Photosynthetic duration 
Flag leaf thickness FLTHICK mm CO2 demand  
Specific leaf area SLA  cm-2 g-1 CO2 supply / CO2 demand 
Leaf dry matter 
content 
LDMC mg g-1 CO2 supply / CO2 demand 
Relative water 
content 
RWC % Water expenditure 
Stomatal Density SD mm-2 CO2 supply / water expenditure 
Ear Number EN Ear no. plant-1 Yield component 
Grain yield per ear YE g ear-1 Assimilate remobilisation/ yield component  
Grain yield per plant YP g plant-1 Assimilate remobilisation/ yield component  
Harvest Index  HI -  Assimilate remobilisation/ yield component  
Analysis 
Parent Variation  
Parent physiological marker variation was analysed using a two-sample student t-tests in 
RStudio (V - 3.4.3). The data were checked for normality and variance using the 
‘shapiro.test’ and the ‘bartlett.test’ functions in RStudio, respectively. If the data were 
non-normal in distribution the non-parametric ‘Mann-Whitney U’ test was used in place 
of the two-sample student t-tests and variance was checked using the ‘leveneTest’ 
function. If data were normal in distribution but the parents had unequal variance, a 
Welch’s t-test was used.     
Correlation Matrix  
The correlation matrix was formed using Pearson’s correlation and the package ‘corrplot’ 
(https://CRAN.R-project.org/package=corrplot) in RStudio (V - 3.4.3). Genotype and 
phenotype data was available for 107 individuals from the PS1 field trial. The matrix 
included these lines and the averaged values for each parent (n = 8). 
Heritability 
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Observed phenotypic variance (Vp) can be expressed as the sum of the unobserved genetic 
variance (Vg) and unobserved environmental variance (Ve, Visscher et al. 2008): 
 
Calculations of heritability are valuable tools in crop breeding for determining the 
breeding value of a trait by analysing the proportion of Vp influenced by Vg (Acquaah 
2012). Broad sense heritability (H2) was calculated for each trait following Falconer 
(1960):  
 
Where Vp was the phenotypic variance of each trait across the unreplicated PS1 
individuals and Vg was calculated by subtracting Vp by Ve. The Ve was estimated from 
the error mean squared values from an ANOVA test for each trait using the parent 
replicates.     
Germination Heterogeneity   
Three seeds were sown for each line. However, only 53% of the seeds sown in plot 1 
germinated. In both plots, these gaps were filled by sowing Paragon seed, 4 weeks after 
the original sowing date. For each line in plot 1, the number of seedlings that emerged 
after the initial sowing was recorded (1 to 3) and an ANOVA was completed in RStudio 
(V - 3.4.3) for each trait to test if remaining plants were influenced by the potential 
germination heterogeneity. The assumptions of the ANOVA tests were checked using 
the same methods listed in Chapter 1 and the non-parametric Kruskal-Wallis rank sum 
test was used where required.  
3.2.3 Genotypic Methodology  
DNA Extraction and Genotyping 
DNA was extracted from 7 day old seedlings of F4 PS1 individuals and parental lines 
following a modified Tanksley 96-well-microprep extraction method from Fulton et al. 
(1995). DNA samples were sent to Bristol University for genotyping using the Axiom 
Wheat Breeders’ Genotyping Array, which consists of 35,000 SNPs (see: Allen et al. 
2017).  
The data returned from the genotyping needed to be clustered into the different allele 
classes for each of the 35,000 SNPs. Following Allen et al. (2017), the SNP allele calls 
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were made using the Affymetrix Axiom Analysis Suite software, following the ‘Best 
Practices Genotyping Workflow’ (see: Affymetrix 2011). An altered dish quality control 
(DQC) threshold of 0.8 was used, which was lowered by 0.02 due to the tetraploid ploidy 
of the material. All lines passed the DQC threshold and the average call rate was 98.6%. 
The software transformed the array intensities into X and Y coordinates and a clustering 
algorithm automatically organised the different allele classes at each SNP into either 
homozygote (AA or BB), heterozygote (AB) or ‘no call’ (if outside of the confidence 
threshold, see: Affymetrix 2011). 4193 ‘polyhigh resolution’ markers were extracted for 
further analysis, this group were selected as they were high resolution and polymorphic 
at 2 minor allele classes.   
Genotype Quality Control and Genetic Map Formation 
To avoid false positives or errors in the genetic linkage map formation, a quality control 
of the SNP markers was necessary before the further analysis, which typically involves 
removing markers that differ from the expected segregation ratio and where too many 
missed calls were observed (Li et al. 2012). Initial quality checks were completed in 
Microsoft Excel, where markers that were monomorphic between the parents were 
removed. DNA was extracted from F4 generation leaf tissue. Therefore, the genotype 
heterozygosity should be roughly at a frequency of 12.5% (Xu 2010). The average 
heterozygosity for all the markers was 12.67%. A ChiSquare test was used in Microsoft 
Excel to identify markers and individuals which had heterozygosity significantly different 
from the expected amount (P = < 0.05). P-Values were adjusted within RStudio (V - 
3.4.3) using a False Discovery Rate (FDR) adjustment. There were 322 markers that 
violated the expected ratios and were removed from the analysis. One individual with too 
many heterozygote genotypes, suggesting a contaminated or out-crossed sample, was also 
removed from the analysis.  
Further quality control was completed using RStudio (V - 3.4.3) with the package R/QTL 
(V - 1.41-6) following protocol and script from Broman (2010). No individuals were 
identified with too many missing genotypes calls (Figure 3-4). 
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Two pairs of individuals had over 80% matching genotype data, suggesting possible out-
crossing or mixed samples at some stage of the SSD, an individual from each pair was 
removed from the analysis. A suitable distribution of matching genotypes was observed 
for the remaining individuals, on average sharing ~ 40% of markers (Figure 3-5). 
  
 
Figure 3-4 – The distribution of missing genotypes in the PS1 population, indicated by black 
marks. No distinctive pattern indicated no offending markers or individuals (Broman, 2010). 
The horizontal straight lines separate the markers into each chromosome, which were 
determined after map formation.   
Figure 3-5 – A diagnostic plot created in R/QTL following Broman (2010) showing frequency 
of matching genotypes for the individuals in the PS1 population, determined through pairwise 
comparisons. Two pairs of individuals were identified with higher than expected (>0.8) 
matching genotypes, data shown is after an individual from each pair was removed.  
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The R package ASMap (V - 1.0-2.0) was used for the remaining quality checks and map 
formation. Based on the marker data, this package implements a high-throughput 
algorithm for clustering linkage groups, determining marker order and genetic distances 
(see: Wu et al. 2008). After the initial steps of quality control, 3784 markers and 108 
individuals remained.  
Non-random segregation of alleles is termed ‘segregation distortion’ and can also be 
indicative of genotyping error (Doerge 2002). Following Taylor & Butler (2017), markers 
distorted from the expected Mendelian segregation ratio, were identified  using the 
‘pullCross’ function and  68 markers which showed significant segregation distortion (P 
= < 0.02) were removed. The function also removed 1908 co-located markers (markers 
with the same genotype). The genotype frequencies for each PS1 individual, after the 














Meiosis crossovers are a fundamental component of genetic recombination, however, 
false crossovers are strong indicators of laboratory error and can increase apparent genetic 
distance intervals (Lincoln & Lander 1992).  Individual crossover number was checked 
using the ‘profileGen()’ function. Using a one-tailed test of a Poisson mean, 4 individuals 
were removed with a significantly different (P < 0.05) crossover number than the 
Figure 3-6 - The frequency of genotypes per mapping individual for each SNP allele class (AA, 
AB and BB) after applying quality control checks. ‘AA’ represented the homozygous allele 
class from Tios and ‘BB’ represented the homozygous allele class from dic12b. The 
heterozygous allele class was ‘AB’. The plot was created following Broman (2010).  
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population mean. Using the ‘mstmap’ function, a numerical threshold value of P = 
0.00000001 was set for linkage group clustering, which separated the markers into 18 
different linkage groups. Following Broman (2010), genotype error rate was then 
estimated using the ‘est.map()’ function to obtain a maximum likelihood estimate of 
genotype error rate, which was identified at 2.5 / 1000 (Figure 3-7). Using the estimated 
genotype error rate, genotypes with the highest error logarithm-of-odds (LOD) scores 
(LOD > 6) were identified, where there was an apparent double crossover in intervals 
flanking an individual marker (Broman 2010). These errors were identified using the 
‘calc.errorlod()’ function and marked as NA.  
 
 
The initially formed linkage groups were compared to the published hexaploid wheat 
genetic maps of Allen et al. (2017) and Winfield et al. (2016) and markers were dropped 
which appeared incorrectly clustered. The comparison with existing genetic maps, 
highlighted which linkage group corresponded to each chromosome and which smaller 
groups to merge. Merging was completed using the ‘mergeCross’ function, resulting in 
14 linkage groups. Finally, heat maps were generated to ensure correct marker order 
(Figure 3-8) and the final maker number was 1779.    
 
Figure 3-7 – An estimate of genotype error rate was determined following Broman (2010), 
maximum likelihood was used to determine the highest log10 likelihood for a genotyping error 
rate. The log10 likelihood for a number of genotype error rates were plotted, the highest was 
determined to be 0.0025. 
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QTL mapping of the PS1 Population. 
QTL Detection  
The PS1 QTL mapping was completed on 107 individuals with complete genotype and 
phenotype data in the PS1 field trial and 89 individuals in the PS1 glasshouse trial, using 
the newly formed map consisting of 1779 markers.  Following Broman and Sen (2009), 
QTL mapping was completed for each trait using Multiple Imputation Composite Interval 
Mapping in the R/QTL package (V - 1.42-8), using the ‘cim’ function with a window size 
of 10 cM and 3 markers used as covariates. The multiple imputation method simulates 
genotype data and missing values based on the marker data, and is a robust analysis tool 
(Broman & Sen 2009; Sen & Churchill 2001). Imputations were made using the 
‘sim.geno’ function with 200 simulation replicates and maximum distance of 1 cM 
between where simulated genotypes were drawn.  
The LOD thresholds at significance levels of 5% (0.05 Alpha) and 10% (0.1 Alpha) were 
determined through running multiple imputation permutations within the ‘CIM’ function 
for each trait with 5000 repeats. Permutation tests are the random assortment of 
phenotypic data relative to the genotype data, to determine a genome-wide maximum 
LOD score and significant thresholds (Broman & Sen 2009). The -1 LOD support 
Figure 3-8 – A heat map showing the assembled PS1 linkage map. The LOD linkage between 
ordered markers is plotted in the bottom corner and pairwise recombination fractions between 
ordered markers is shown in the upper triangle, the heat map was created following protocol from 
Taylor (2017). Red indicates low recombination and high linkage between markers, therefore, a 
red line running diagonally across the centre of the plot indicates well-ordered markers.  
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intervals were determined using the function ‘lodint’, with the interval expanded to the 
flanking markers.  
QTL Validation  
In an effort to reduce false positives in the QTL results, phenotypic data were separated 
into the three different genotype groups (AA, AB and BB) for each peak SNP marker. An 
ANOVA and Tukey’s HSD test were then completed to test the influence of genotype on 
phenotypic trait data. QTL were only accepted if a significant difference (P < 0.05) 
existed between the two homologous genotypes based on the trait data. On this basis 
several minor QTL hits were rejected due to significant variation only existing between 
one homologous genotype group and the heterozygous genotype group. Due to low 
heterozygosity in the population at the stage of genotyping (12.5%), the assumption was 
made that this variation was a product of phenotypic noise in the small sample population.  
QTL Model Building  
Following Broman & Sen (2009), the function ‘makeqtl’ was used to create a QTL object 
consisting of the QTL identified in the CIM mapping above the 10% significance 
threshold derived from the CIM permutations tests. The function ‘fitqtl’ was used to fit a 
multiple QTL model. The function ‘addint’ was used to test for potential pairwise 
interactions between existing QTL in the model. This model building approach was used 
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3.3 Results  
3.3.1 Phenotypic Analysis Results of PS1 Population 
3.3.1.1 Parent variation, trait heritability and population distribution.     
In total 10 mini-plots of each parent were sown, although only 8 for each parent 
germinated (4 from each plot). A comparison between the PS1 mapping parental lines in 
the PS1 field trial is shown in Table 3-4 and Table 3-5, which highlighted that there were 
significant statistical differences between the parent means for 11 out of the 17 
physiological markers (P = < 0.05). The parent Tios had significantly higher mean values 
for the physiological markers: FT, FLLONG, FLW, EL, YE, and ECA. In comparison, dic12b 
had significantly higher AL, FLTHICK, SD, EN and HI than the Tios parent. Two additional 
physiological markers were significant at a less stringent confidence level (P = < 0.1), 
where the parent Tios showed higher RWC and lower SLA. There was no significant 
variation (P = > 0.1) found between the parents for LDMC, FLL, FLA and YP.   
Table 3-4 - Physiological marker data for the parents of the PS1 population (Tios and dic12b), 
collected during the PS1 field trial. The table shows mean values, standard deviation and two sample 
t-test results 
  Tios   dic12b   Two Sample t-test 
Trait  Mean S.D Mean S.D d.f t P 
FLL 24.1 4 25.6 3.8 14 0.77 0.45 
FLA 36.6 10.4 29.7 7.8 14 -1.49 0.16 
AL 5.3 0.4 8.7 0.5 14 14.07 <0.01*** 
EL 13.1 0.7 8.5 0.6 14 -14.38 <0.01*** 
ECA 50.8 7.8 26.3 3 7.5+ -7.84+ <0.01***+ 
SLA 188.3 15.6 200.8 10 14 1.91 0.08* 
LDMC 259.6 19.6 252.9 22.9 14 -0.62 0.54 
RWC 89.7 3.2 85.5 5.8 14 -1.82 0.09* 
SD 65.5 6.5 74.2 3.9 14 3.26 <0.01*** 
EN 10.3 5.4 24 2.31 14 6.65 <0.01*** 
YE 2.87 0.18 1.44 0.36 14 -10.05 <0.01*** 
YP 29.3 6.5 34.4 11 14 1.1 0.28 
HI 0.4 0.05 0.64 0.1 14 6 <0.01*** 
 Significance codes: *** P <0.01; ** P < 0.05; * P < 0.1.  
 Trait units: FL, AL, EL = cm; FLA = cm
2; SLA = cm-2 g-1; LDMC = mg g-1; RWC = %;   SD = mm-2; 
EN = number of ears per plant; YE = g ear-1; YP = g plant-1. 
 + = Welch’s two-sample t-test was used due to unequal variance.  
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Table 3-5 - Physiological marker data for the parents of the PS1 population (Tios and dic12b) from 
the PS1 field trial where non-parametric tests were used to test for significance differences. The table 
shows mean values, median values, standard deviation and the Mann-Whitney U test results. 
  Tios   dic12b   Tios dic12b Mann-Whitney U  
Trait  Mean S.D Mean S.D Median  Median w P 
FT 87.5 1.2 81.4 1.8 87 82 0 <0.01*** 
FLW 1.9 0.2 1.4 0.2 1.885 1.36 3.5 <0.01*** 
FLLONG 28.3 5 20.8 1.9 28.5 21.5 1.5 <0.01*** 
FLTHICK 0.26 0.02 0.29 0.02 0.255 0.292 57 <0.01*** 
Significance codes: *** P <0.01;  
Trait units: FT = s-f; FW = cm; FLLONG = f-s;  FLTHICK = mm. 
In comparison to the field trial, the PS1 glasshouse trial also showed significant variation 
(P = < 0.05) between the parents for the trait means of FT and FLW and additional variation 
in the traits FLA and RWC (Table 3-6). FLLONG had inconsistent variation across the two 
environments: dic12b had a significantly higher score in the glasshouse (w = 250, P = 
0.02), but lower in the field (Table 3-5).   
Table 3-6 - Physiological marker data for the parents of the PS1 population (Tios and dic12b) from 
the PS1 glasshouse trial. a). Mean values and two-sample t-test results, where parent trait data were 
normally distributed. b). A table showing Mann-Whitney U test results, median and mean values, 
where parent trait data were non-normally distributed. 
a). Tios   dic12b   Two Sample t-test  
Trait  Mean S.D Mean S.D d.f t P  
FT 92.67 8.69 60.38 2.09 18.68+ -15.39+ <0.01***+  
FLL 28.61 3.16 26.71 3.55 37 -1.745 0.09  
FLW 1.8 0.26 1.29 0.1 21.85+ -7.91+ <0.01***+  
FLA 41.31 8.04 27.76 5.72 36 -6.03 <0.01***  
LDMC 203.83 26.13 194.93 23.1 35 -1.1 0.28  
RWC 86.81 4.15 81.63 4.89 35 -3.40 <0.01***  
b). Tios   dic12b   Tios dic12b Mann-Whitney U  
Trait  Mean S.D Mean S.D Median  Median w P 
FLLONG 27.83 6.24 33.68 5.72 32 34 250 0.02 
SLA 249.92 46.42 267.57 42.9 247.94 251.4 203 0.29 
 Significance codes: *** P <0.01; ** P < 0.05; * P <0.1. 
 Trait units: FT = s-f; FLL, FLW = cm; FLA = cm
2; SLA = cm-2 g-1; LDMC = mg g-1; RWC = %; 
FLLONG = f-s.   
 
+ = Welch’s two-sample test was used due to unequal variance. 
 
At a less stringent significance threshold (P = < 0.1) variation in FLL was present in the 
glasshouse that was not observed in the field, as Tios had 7% higher mean FLL than 
dic12b. As observed in the PS1 field trial no significant variation between the parents was 
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found for LDMC (t = -1.10, P = 0.28) and unlike the field trial no significant variation 
was found for SLA (w = 203, P = 0.29).   
The results of broad sense heritability (H2) in the both trials are shown in Table 3-7. Some 
values are negative for the physiological markers LDMC, RWC, ECA and FLA, due to a 
larger Ve than Vp. In the PS1 field trial, AL had the highest H
2 (0.96) and the lowest was 
observed for LDMC (-0.32). Heritability was also high for SLA, YE, SD and EL (H
2 = 0.82, 
0.74, 0.72 and 0.71, respectively). The traits FLL and FLW had moderately low heritability 
(H2 = 0.35 and 0.19 respectively). In the PS1 glasshouse trial, H2 was higher for majority 
of traits. Only the traits FLLONG (H
2 = 0.61) and SLA (H2 = 0.30) had lower H2 in the 
glasshouse.  
Table 3-7 – The phenotypic variance (Vp), environmental variance (Ve) and genetic variance (Vg) used 
to calculate the broad sense heritability (H2) from the phenotypic data for both the PS1 field and 
glasshouse trial for each physiological marker. A ‘-’ indicates where a physiological marker was not 
measured in the PS1 glasshouse trial.  
  PS1 Field Trial Heritability PS1 Glasshouse Trial Heritability 
Trait  Vp Ve Vg H
2 Vp Ve Vg H
2 
FT 7.13 2.28 4.86 0.68 180.48 37.05 143.42 0.79 
FLL 23.88 15.41 8.47 0.35 30.15 11.39 18.76 0.62 
FLW 0.05 0.04 0.01 0.19 0.06 0.04 0.03 0.43 
FLA 73.02 84.5 -11.48 -0.16 93.22 47.75 45.47 0.49 
AL 5.72 0.24 5.48 0.96 - - - - 
EL 1.37 0.4 0.97 0.71 - - - - 
ECA 25.63 32.79 -7.15 -0.28 - - - - 
FLLONG 45.62 14.21 31.41 0.69 124.48 48.42 76.06 0.61 
FLTHICK 0.0009 0.0004 0.0005 0.56 - - - - 
SLA 949.7 171.5 778.2 0.82 2824.42 1974.87 849.55 0.30 
LDMC 344.65 455.56 -110.92 -0.32 553.94 597.67 -43.74 -0.08 
RWC 20.16 21.94 -1.78 -0.09 32.77 21.05 11.72 0.36 
SD 103.75 28.77 74.98 0.72 - - - - 
EN 25.1 17.1 8 0.32 - - - - 
YE 0.31 0.08 0.23 0.74 - - - - 
YP 143.4 81.6 61.8 0.43 - - - - 
HI 0.016 0.006 0.010 0.60 - - - - 
 Heritability: Ve = Environmental Variance; Vp= Phenotypic Variance; Vg = Genetic Variance.    
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For each physiological marker, the population means for the PS1 individuals used in the 
QTL mapping from both trials are shown in Table 3-8. The population means for FLA and 
FLW were only slightly higher in the PS1 field trial than the glasshouse trial (mean 
difference = 0.7 cm2 and 0.2 cm respectively). However, FLL was distinctly higher in the 
glasshouse than the field (mean difference = 2.3 cm). FT was higher in the field (mean 
difference = 9 s-f), whereas FLLONG was higher in the glasshouse (mean difference = 7.4 
f-s). RWC was higher in the field (mean difference = 3.2%), in comparison, SLA was 
considerably lower in the field (mean difference = 56 cm2 g-1) corresponding to a higher 
LDMC in the field (mean difference = 63.3 mg g-1). As shown by the Pearson correlation 
coefficients in Table 3-8, for individuals included in both trials (n = 89) there were no 
evidence of significant correlations between measurements of SLA, FLLONG, LDMC and 
RWC across the two environments. These trends support the low H2 observed for the 
majority of these traits across both trials (Table 3-7).  
Table 3-8 - Means values, standard deviation and the number of individuals measured is shown for 
each  physiological marker measured in the PS1 glasshouse and field trial, for individuals used in the 
QTL mapping. Pearson correlation coefficients for trait data of individuals included in both trials 
are shown for each trait measured in the different environments.    





coefficient  Trait  n Mean S.D n Mean S.D 
FT 87 76.6 11.7 107 85.6 2.7 -9    0.43*** 
FLL 88 25.9 5.7 107 23.6 4.9 2.3 0.27*  
FLW 88 1.4 0.3 107 1.6 0.2 -0.2   0.46*** 
FLA 88 29.8 10.0 107 30.5 8.6 -0.7 0.22* 
SLA 89 262.9 49.3 89 206.9 30.8 -56 -0.08 
LDMC 89 196.0 23.2 84 259.3 18.6 -63.3 -0.11 
RWC 88 84.8 5.0 79 88 4.5 -3.2 0.17 
AL - - - 107 6.6 2.4 - - 
EL - - - 107 10.1 2.4 - - 
ECA - - - 106 35.2 5.1 - - 
FLTHICK - - - 107 0.26 0.03 - - 
FLLONG 85 31.1 10.9 107 23.7 6.8 7.4 -0.08 
SD - - - 105 67.9 10.2 - - 
EN - - - 107 13.8 5.0 - - 
HI - - - 100 0.47 0.13 - - 
YE - - - 103 1.7 0.6 - - 
YP - - - 103 23.4 12 - - 
Trait units: FT  = s-f; FLL, FLW, AL, EL = cm; FLA, ECA = cm
2
; FLLONG = f-s;  FLTHICK = mm; SLA = cm
-2 g-1; 
LDMC = mg g-1; RWC = %; SD = mm
-2; EN = ears per plant; YE = g ear-1; YP = g plant-1. 
Pearson correlation coefficient significance thresholds: * = P < 0.05; ** = P < 0.01; *** = P < 0.05. 
 
Capturing Photosynthetic Traits from the Progenitors of Wheat. 
182  Tally Wright – September 2018 
For the PS1 field trial, the population phenotypic frequencies for each physiological 
marker are plotted in Figure 3-9, also shown are graphical representations of the parent 
variation. Statistical analysis of the parent variation is shown in Table 3-4 and Table 3-5. 
The physiological markers FT, FLL, FLW, AL, EL, ECA, RWC and SD were normal in 
distribution (Shapiro-Wilk normality test: P = > 0.05), which is evident in the frequency 
distributions (Figure 3-9). Excluding FLL, these were physiological markers with 
significant variation between the parents (Figure 3-9). The traits FLA, FLTHICK, SLA and 
LDMC showed right-skewed distributions (normality test: P = < 0.05). In these cases, 
there were outliers present with values considerably higher than the population mean. 
Excluding FLTHICK, these were traits where there was little evidence of variation between 
the parents.  Out of the yield component traits, EN and YP showed a non-normal right 
skewed distribution (normality test: P = < 0.01), in comparison HI and YE were normal 
in distribution (normality test: P = > 0.05). The phenotypic distribution of FLLONG in the 
population appeared bimodal (normality test: P = < 0.01), where a subgroup of individuals 
senesced early compared to the rest of the population. There was an outlier also present 
in each of the parents (Figure 3-9).  
For the physiological markers FT, FLW, AL, FLLONG, FLTHICK, SD, RWC, HI, EN and YE, 
there were PS1 individuals outside of the range of the parental means (Figure 3-9), thus 
indicating transgressive segregation. Some physiological markers showed wide 
transgressive segregation in the progeny, but little variation between the parents (FLL, 
FLA, LDMC and YP). As there was weak evidence for significant parental variation for 
these traits (Table 3-4 and Table 3-5), the measurements that fell outside of the parental 
mean range may have been influenced by variance associated with the environment or 
error. Furthermore, the H2 for these traits was low (Table 3-7). For the physiological 
markers EL and ECA, there was only transgressive segregation outside of the range of 
dic12b; no individual had a higher EL and ECA than the mean for Tios (Figure 3-9).      
For the PS1 glasshouse trial, the distribution for the physiological markers FLL and FLW 
were normal in distribution (P = > 0.05). As in the field trial, the traits FLA and SLA 
showed right-skewed distributions and the trait RWC had a left-skewed distribution 
(normality test: P = < 0.05). In these cases, there were outliers present considerably higher 
or lower than the population means, which influenced the distribution. The phenotype 
frequencies of LDMC and FLLONG were not normal in distribution (normality test: P = < 
0.05) and were influenced by outliers either side of the population mean.   
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3.3.1.2 Physiological Marker Correlation. 
Correlations between different physiological markers are shown in Figure 3-10 for the 
PS1 field trial. As would be expected, EN and HI were positively correlated with YP 
(Pearson’s correlation (r) = 0.68 P = < 0.001 and r = 0.61 P = < 0.001, respectively) and 
a positive correlation was found between YE and YP (r = 0.68 P = <0.001). The traits AL, 
EL, ECA and FLTHICK were all significantly positively correlated to YP (Figure 3-10), whilst 
only AL and EL were correlated with EN (r = 0.22 P = 0.02 and r = 0.22 P = 0.02, 
respectively). YE was positively correlated with EL, ECA, FLLONG, and FLTHICK  (Figure 3-
10). No physiological marker was negatively correlated with YP or YE. However, ECA and 
FLW were negatively correlated with HI, whilst FLLONG was negatively correlated with EN 
(Figure 3-10).  
There were a number of correlations between the traits not directly linked to yield (Figure 
3-10), for instance FT was negatively correlated FLL and FLA, but positively correlated 
with FLLONG (r = 0.28 P = 0.003) and SLA (r = 0.28 P = 0.007 ). The trait FLW was 
negatively associated with AL (r = -0.21 P = 0.03) but positivity correlated with EL (r = 
0.32 P = 0.001) and ECA (r = 0.48 P = <0.001), which are characteristics of the Tios parent 
(Table 3-4). The trait FLW was also positively associated with FLTHICK (r = 0.35 P = < 
q). 
Figure 3-9 – Two graphs are shown for each of the 17 physiological markers recorded in the PS1 field 
trial: a) = FT; b) = FLL; c) = FLW; d) = FLA; e) = EL; f) = ECA; g) = AL; h) = FLLONG; i) = FLTHICK; j) = SD; 
k) = SLA; l) = LDMC; m) = RWC; n) = Ear No.; o) = HI; p) = YP; q) = YE. The left-hand graphs show 
boxplots for the parental lines in the PS1 field trial for each of the 17 physiological markers, raw data 
points are overlaid on each boxplot in blue for dic12b and orange for Tios. The median is shown within 
each boxplot, the lower hinge and upper hinge represent the first and third quartile, respectively. The 
right-hand graphs show phenotypic frequencies for the 107 individuals of the PS1 population in the PS1 
field trial for each physiological marker measured. The coloured bins in each of the histograms 
represent which bin contained the parent mean values (blue for dic12b and orange for Tios).  
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0.001). The physiological marker RWC was the only physiological marker with no 
significant relationship to any other trait.  
Figure 3-10 – Pearson correlation matrix for the 17 physiological markers measured in the PS1 field 
trial. The matrix includes data from the 107 measured PS1 population individuals and parents (mean 
values were used for each parent). A list of the acronym meaning for each physiological marker is 
shown in Table 3-3. The upper right-hand triangle shows a colour heat map of pairwise correlation 
coefficients and significance thresholds (*** P < 0.001; ** P < 0.01; * P < 0.05). The bottom left-hand 
triangle shows the values of Pearson’s correlation coefficients for each paired comparison.  
3.3.1.3 Environment Effect in the PS1 Field Trial  
Germination Heterogeneity 
There was strong evidence the trait FT was influenced by the germination heterogeneity 
(ANOVA: F = 9.8, P = < 0.01) and weaker evidence that YE was influenced (F = 3.2, P 
= 0.04). There was little evidence to suggest any other traits were influenced by the 
germination heterogeneity (P = > 0.05). For FT and YE, adjustments for bias were 
completed using linear regression. The trait data were regressed on the germination scores 
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and residuals extracted from the model. The residuals were then used as the adjusted trait 
data for the QTL mapping.  
Plot Variation     
The parent data were used to test potential variation associated with plot number. A two-
way ANOVA was completed for each trait using parent line and plot number as 
independent variables. There was little evidence to suggest plot number had a significant 
influence on each of the traits (P = > 0.05). Furthermore, no significant interaction was 
found between parental line and plot number (P = > 0.05).    
3.3.2 Genetic Analysis Results of the PS1 Population 
PS1 Genetic Map  
The PS1 genetic map consisted of 1779 markers along 14 chromosomes, formed from 












The total map length spanned 3126.4 cM with an average spacing of 1.8 cM with the 
largest spacing of 39.2 cM found on chromosome 2A (Figure 3-11). Chromosome length 
varied from 154.4 cM (6A) to 271.9 cM (2B, Table 3-9). The lowest frequency of markers 
was found on the chromosomes 6A and 4A (70 and 95 respectively) and the highest on 
3B and 2B (188 and 178 respectively). The lowest density of markers was found on 
chromosome 2A with an average spacing of 2.3 cM and the highest density on 
Figure 3-11 - The genetic map created for the PS1 population showing marker spacing 
across 14 chromosomes, formed using the packages ASMap and R/QTL in RStudio (V - 
3.4.3). The map was created using 1779 SNP markers and 104 individuals. The horizontal 
line on each chromosome represents the mapped position for each SNP. 
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chromosome 1B with an average spacing of 1.3 cM. In total the B genome had a higher 
coverage of markers than the A genome with 1006 associated markers across an average 
spacing of 1.6 cM compared to 773 markers with an average spacing of 2.0 cM.   
Table 3-9 – A summary table of the marker distribution across each chromosome in the PS1 genetic 
map. The map was formed using the packages ASMap and R/QTL in RStudio (V - 3.4.3). The new 
map had a total length of 3126.4 cM and was formed using 1779 SNP markers. 







1A 113 215.6 1.9 14.9 
1B 140 178.4 1.3 19.9 
2A 97 224 2.3 39.5 
2B 178 271.9 1.5 14.7 
3A 111 234.9 2.1 21.2 
3B 188 268.4 1.4 12.6 
4A 95 204.7 2.2 24.1 
4B 103 203.3 2 21.1 
5A 143 231.6 1.6 20.7 
5B 144 241 1.7 10 
6A 70 154.4 2.2 24.2 
6B 127 218.6 1.7 15.8 
7A 144 270.4 1.9 29.3 
7B 126 209.1 1.7 12.3 
Total 1779 3126.4 1.8 39.5 
 
QTL Mapping 
In the PS1 field trial, 9 candidate QTL were identified for a range of physiological 
markers across 5 chromosomes (2B, 4A, 5B, 6A and 7B), results are shown in Table 3-
10. The percentage phenotypic variation explained by each QTL ranged from 11.7% (AL, 
Q2)  to 33.8% (AL, Q3) and LOD scores ranged from 5.48 (FLW, Q1) to 13.85 (AL, Q3). 
The second highest LOD score was observed for a QTL mapped for FT (LOD = 10.1, 
Q9). The -1 LOD support intervals, expanded to the nearest flanking marker, ranged from 
3.2 cM for Q5 (HI) to 29.1 cM for Q7 (SD). The additive effect for each QTL, shown in  
Table 3-10, indicated the effect of one dic12b allele (0.5 of BB) to the trait data. There 
was a positive additive effect of a dic12b allele at the QTL: Q2 (AL), Q3 (AL), Q4 (EN), 
Q6 (FLW) and Q7 (SD). Whereas, there was a negative additive effect of a dic12b allele at 
the QTL: Q1 (FLW), Q5 (HI), Q8 (FLL) and Q9 (FT). 
In the PS1 glasshouse trial, 2 different candidate QTL were identified for FLL and LDMC 
contributing phenotypic variance of 11.8 and 13.8% and had LOD scores of 6.8 and 8.5, 
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respectively (Table 3-10). There was a positive additive effect of a dic12b allele at Q10 
(FLL) and negative at Q11 (FLW). For the traits replicated over both trials, no QTL were 
consistent over the different environments.  
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Table 3-10 – QTL results from the Composite Interval Mapping (CIM) completed in R/QTL for the PS1 population from both trials. The interval shown for each QTL is the 
-1 LOD surpport interval expanded to the flanking markers. Using the R/QTL function ‘fitqtl’, percentage phenotypic varation explained by QTL (% variation) and additive 
effects were calculated using multiple model fitting with the QTL identified through the CIM analysis. LOD thresholds are shown at the significance levels of 5% Alpha and 
10% Alpha, these were determined through running 5000 permutations within the R/QTL ‘CIM’ function  



















PS1 field trial                     








15.1 -0.09 6.04 5.45 5000 








11.7 0.89 6.12 5.57 5000 








33.8 1.56 6.12 5.57 5000 








14.2 1.38 6.02 5.53 5000 








19.2 -0.05 6.17 5.67 5000 








18.9 0.04 6.04 5.45 5000 








14.5 3.77 6.09 5.54 5000 








17.5 -1.67 6.04 5.55 5000 








25.6 -1.40 6.09 5.55 5000 
   PS1 glasshouse trial                   








11.77 1.91 6.43 5.89 5000 








13.82428 -9.182 6.58 5.98 5000 
 
*Additive: Additive effect of 0.5 BB genotype (dic12b parent). Trait units: FT = Days from sowing to flowering 
(residuals from adjustment shown); FLL, FLW, AL = cm; SD = mm
-2; LDMC = mg g-1; EN = Ear Number. 
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PS1 Field Trial  
Two QTL were identified for AL (Figure 3-12), the most significant explained 34.0% of 
phenotypic variation and was located at 35 cM on chromosome 4A (LOD = 13.85). The 
closest marker to the QTL was AX-94464899, where individuals with the Tios genotype 
(AA) had a mean AL of 4.8 ± 0.3 cm, individuals carrying the dic12b genotype (BB) had 
a mean AL of 7.9 ± 0.3 cm and heterozygous individuals (AB) had a mean of 6.7 ± 0.4 
cm. The second AL QTL had a lower LOD score (6.02) and was located at 185 cM on 
chromosome 2B, the QTL only passed the 10% LOD confidence threshold. No significant 
interactions were found between the two QTL. The QTL with the second highest LOD 
score in the study, was identified for FT (Figure 3-12). It explained 25.6% of phenotypic 
variation (LOD = 10.1) and was located at 196 cM on chromosome 7B. The closest 
marker was AX-94622790, where the individuals had a mean FT of 87.3 ± 0.4 s-f if AA 
genotype, 84.4 ± 0.3 s-f if BB and 85.1 ± 0.6 s-f if AB (taken from unadjusted data).    
Figure 3-12 – QTL results from the PS1 field trial for AL (a) and FT (b). The left-hand graphs 
show the LOD scores from the Composite Interval Mapping across all 14 chromosomes. The 
right-hand graphs show the phenotypes of each allele class (Tios = AA, heterozygote = AB and 
dic12b = BB) at the peak marker for each trait (a = AX-94464899 and b = AX-94622790), the 
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One QTL was identified for FLL that only passed the 10% confidence threshold, the QTL 
was located on chromosome 6A at 93 cM (LOD = 5.88) which explained 17.5% of 
phenotypic variation in the population (Figure 3-13). The closest marker to the QTL was 
AX-95105228, where individuals had a mean FLL of 25.8 ± 0.7 cm if AA in genotype, 
22.5 ± 0.6 cm if BB and 20.0 ± 1.2 cm if AB. Two QTL were found for FLW, one on 
chromosome 5B (203.6 cM, LOD = 6.87), which explained 19% of phenotypic variation, 
and one on 2B (146 cM, LOD = 5.48) which explained 15% (Figure 3-12). The QTL on 
2B passed the 10% confidence threshold, but not the 5% threshold. The closest marker to 
the 5B QTL was AX-94402018, where individuals had a mean FLW of 1.53 ± 0.03 cm if 
AA in genotype, 1.65 ± 0.03 cm if BB and 1.81 ± 0.06 cm if AB. The closest marker to 
the 2B QTL was AX-94583923, where individuals had a mean FLW of 1.7 ± 0.03 cm if 
AA in genotype, BB 1.54 ± 0.03 cm if BB and 1.58 ± 0.05 cm if AB. No significant 







Figure continued on next page. 
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One QTL was mapped for SD to 79 cM on chromosome 6A (LOD = 6.43), which 
explained 14.5% phenotypic variation (Figure 3-13). The closest marker was AX-
95149371, where individuals had a mean SD of 64.3 ± 1.5 mm
-2 if AA in genotype, 71.7 
± 1.3 if BB mm-2 and 63.7 ± 2.7 if AB mm-2. For the yield related traits, QTL were 
identified for EN and HI that only passed the 10% confidence threshold. The QTL for EN 
was mapped to 96.1 cM on chromosome 4A (LOD = 5.75), which explained 14% 
phenotypic variation (Figure 3-14). The closest marker was AX-95156879, where 
individuals had a mean ear number of 11.9 ± 0.7 if AA in genotype, 14.7 ± 0.7 if BB and 
16.9 ± 1.1 if AB. The QTL for HI was mapped to 0.0 cM on chromosome 5B (LOD = 
5.8) and explained 19% phenotypic variation (Figure 3-14). The closest marker was AX-
Figure 3-13 – The QTL results from the PS1 field trial for flag leaf length (a), width (b) and 
stomatal density (c). The left-hand graphs show the LOD scores from the Composite Interval 
Mapping across all 14 chromosomes. The right-hand graphs show the phenotypes of each genotype 
(Tios = AA, heterozygote = AB and dic12b = BB) at the peak marker for each trait (a = AX-
95105228, b = AX-94402018 and c = AX-95149371) the bars represent phenotypic means and +/- 1 
standard error. Points highlighted in red are imputed genotypes. 
b). 
c). 
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94836422, where individuals had a mean HI of 0.52 ± 0.02 if AA in genotype, 0.41 ± 0.02 
if BB and 0.38 ± 0.04 if AB. To determine whether the QTL found for HI was associated 
with variation in YP or biomass, the phenotype data for two traits were separated into the 
different allele classes (AA, AB and BB) at the AX-94836422 marker and a Kruskal-
Wallis rank sum test was used in RStudio (V - 3.4.3) to test for variation between the two 
homologous allele groups (AA and BB). Significant variation was found between the 
allele classes for YP (KW = 8.4, df = 1, P = < 0.001) but not biomass (KW = 0.74, df = 1, 
P = 0.39).  
There were QTL mapped for FLLONG, LDMC and SLA (1B, 6A and 7A respectively). 
However, ANOVA and Tukey’s HSD tests revealed that the AB group contributed to 
phenotypic variation between the genotypes, suggesting these QTL were false hits and 
artefacts of noise in the small AB sample size (12.5% of the population).  
a). 
Figure 3-14 - The QTL results from the PS1 field trial for ear number (a) and harvest index (b). The left-
hand graphs show the LOD scores from the Composite Interval Mapping across all 14 chromosomes. The 
right-hand graphs show the phenotypes of each genotype (Tios = AA, heterozygote = AB and dic12b = BB) 
at the peak marker for each trait (a = AX-95156879, b = AX-94836422), the bars represent phenotypic 
means and +/- 1 standard error.  
b). 
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PS1 glasshouse trial 
Two QTL were identified in the PS1 glasshouse trial. The first was for the trait FLL which 
explained 11.8% of phenotypic variation located at 166 cM on chromosome 4A (LOD = 
6.8). The closest marker to the QTL was AX-95146535, where individuals with the Tios 
genotype (AA) had a mean FLL of 23.4 ± 0.9 cm, individuals carrying the dic12b genotype 
(BB) had a mean FLL of 27.2 ± 0.8 cm and heterozygous individuals (AB) had a mean of 
28.0 ± 1.6 cm. The second QTL was for the LDMC trait which explained 13.8% of 
phenotypic variation and was located at 142.5 cM on chromosome 6A (LOD = 8.5). The 
closest marker was AX-95140962, where individuals had a mean LDMC of 204 ± 3.3 mg 
g-1 if AA in genotype, 185.7 ± 3.6 mg g-1 if BB and 197.5 ± 6.5 mg g-1 if AB.  
Marker Outlook  
The information acquired from ‘CerealsDB’ (Wilkinson et al. 2012) and EnsemblPlant 
(www.plants.ensembl.org) is shown in Table 3-11. The physical locations of the peak 
markers taken from EnsemblPlant show mostly correct chromosome assignments, which 
validated the PS1 genetic map, excluding the peak markers for Q1, Q2 and Q5, which 
were mapped to the same homoeologous group as their physical location. The physical 
location for the SNP associated with Q10 was completely different to the mapped 
location. To measure the allelic diversity of the markers in the array formation Allen et 
al. (2017) characterised allele frequencies in 1,779 diverse hexaploid accessions from a 
range of collections. From this an estimate can be made of how common each allele is in 
hexaploid wheat. Genotypes of a 475 sample are on EnsemblPlant, which is where the 
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Table 3-11 - For each of the candidate QTL found in the present study, information was taken from 
‘CerealsDB’ (Wilkinson et al. 2012) and EnsemblPlant release 40 - July 2018  
(www.plants.ensembl.org) regarding the closest SNP marker to each identified QTL (Peak SNP). 
Chromosome and Map Position refer to the mapped positions taken from the PS1 population map 
formed in the present study. The ‘BA number’ for each peak marker is shown under ‘Variant ID’.  
QTL Chromosome  Map Position  Peak SNP Variant ID Location  Alleles MAF 
Q1 2B 146 AX-94583923  BA00171324 2D:476696204 G/A 0.05 
Q2 2B 185 AX-94641030 BA00449529 2A:717882095 T/C 0.15 
Q3 4A 34.8 AX-94464899 BA00462181 4A:78025686 C/T 0.16 
Q4 4A 96.1 AX-95156879 BA00420988 4B:3861096 G/A 0.08 
Q5 5B 0 AX-94836422 BA00273512 5B:10263110 G/A 0.24 
Q6 5B 203.6 AX-94402018 BA00114578 5B:671301137 C/A 0.29 
Q7 6A 79 AX-95149371 BA00384034 6A:498592894 A/C 0.12 
Q8 6A 93 AX-95105228 BA00171166 6A:561436298 A/G 0.25 
Q9 7B 196 AX-94622790 BA00362080 7B:13827968 C/T 0.08 
Q10 4A 166.1 AX-95146535 BA00370793 7D:18439937 A/G 0.17 
Q11 6A 142.5 AX-95140962 BA00343894 6A:609020232 A/C 0.41 
Location = Physical location on chromosome in million bases.  
Alleles = Reference Alleles (forward strand).  
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3.4  Discussion 
3.4.1 The Relevance of the Mapped QTL for Ideotype Breeding.  
 
Leaf Traits  
This study has identified phenotypic variation in a novel T. dicoccum mapping population 
for a platform of physiological markers relating to the proposed ideotype (Figure 3-1). 
The environment of the 2017 field trial was well-watered. Some associations were found 
between traits directly related to grain yield (HI, YP, EN and YE) and physiological 
markers, which were argued to be promoted by increased selection in a well-watered 
ideotype. In  Figure 3-1, a larger flag leaf is hypothesised to be beneficial in a well-
watered environment, either via increased radiation capture or flag leaf CO2 assimilation. 
This argument was supported by correlations observed in the 2017 field trial, as increases 
in YP and YE were linked to a thicker flag leaf (Figure 3-10). FLTHICK was also positively 
correlated with increased flag leaf size (FLW, FLL and FLA), although no other link was 
found between leaf area and yield physiological markers. In the classical wheat ideotype 
(see: Donald 1968), small erect leaves are proposed to be advantageous for improved light 
distribution through the canopy. While selection for improved leaf angle and architecture 
does hold potential for increasing radiation use efficiency (Reynolds et al. 2009), there 
are many elite bread wheats that defy this ideotype (e.g. Paragon, Chapter 1). Although 
no correlation was identified in the PS1 field trial, a positive relationship was found in 
Chapter 1 between grain yield and FLA. These trends suggest that selection for increased 
source supply from a larger FLA may predominate over improving flag leaf architecture 
to reduce shading in the lower canopy. However, the field plots of Chapter 1 and 3 were 
planted at a considerably lower density than a typical wheat field. Therefore, it is difficult 
to draw accurate conclusions about canopy effects on grain yield from the present study.   
Genetic selection is a conceivable avenue for improving flag leaf morphology (Simón 
1999). Although no QTL linked to FLTHICK were identified, two QTL were identified for 
FLW (Table 3-10), on chromosomes 2B (Q1) and 5B (Q6). Other studies have identified 
a considerable number of environmentally stable QTL for FLA, FLW and FLL in hexaploid 
wheat (Hussain et al. 2017; Liu et al. 2018). However, there has been limited 
investigation into QTL linked to flag leaf area in a tetraploid wheat background. In the 
present study, despite no significant variation between the parents, different QTL were 
identified for FLL over both environments. These QTL could be used for selection to 
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increase or decrease FLA depending on the ideotype requirements. However, there was an 
indication that the genetic variance controlling phenotypic variance was low, as no QTL 
was consistently identified over both environments, variation in FLA varied between the 
parents across the environments and moderate H2 was found in the PS1 field trial for the 
leaf area related traits. Greater parent variation in FLA may have facilitated identification 
of more stable QTL in this study.  
As outlined in the ideotype (Figure 3-1), increased CO2 supply would be a favourable 
trait in both environments, but only in the ‘well-watered’ ideotype would it be appropriate 
to achieve this via increasing gs. However, no associations were found with SD and YE or 
YP. In the PS1 field trial, individuals with the dic12b genotype (BB) at the QTL identified 
on 6A (Q7) had a significantly higher SD than the Tios genotype individuals (AA, Figure 
3-12). In a study using a bread wheat double haploid population, Wang et al. (2016) found 
40 additive QTL related to stomatal density, width and length across different watering 
regimes, including QTL identified on chromosome 6A linked to stomatal density. 
Furthermore, Wang et al. (2015) found a QTL relating to transpiration rate on 6A in the 
same cross population under drought stress. In the present study, only SD on the abaxial 
leaf surface was analysed. In a pilot study, Shahinnia et al. (2016) found that stomatal 
traits had greater genetic variability on the adaxial leaf surface. However, they also 
observed that the stomatal features were highly positively correlated across both surfaces. 
Genetic variation in the PS1 mapping population could have been missed by only 
analysing the abaxial leaf surface and future work could determine if there is greater 
genetic variability on the adaxial surface. In Chapter 1, Δ13C was linked to the supply 
components of photosynthesis and could be used as a proxy for estimating leaf stomatal 
dynamics. Δ13C was not determined for this mapped population, but tissue was retained 
for future work.  
Increasing CO2 supply by promoting higher gm is warranted in both ideotype 
environments. However, no significant variation was apparent between the parents for 
LDMC, although a QTL was still identified in the PS1 glasshouse trial (Q11, Table 3-10), 
where the BB genotype had a negative additive effect on the phenotypic variation. Few 
QTL have been previously identified for leaf dry matter parameters in wheat. Su et al. 
(2006) found minor QTL for flag leaf weight (dry weight per flag leaf) on seven 
chromosomes that explained 5.9% to 17.2% of phenotypic variation, however, none were 
found on 6A where Q11 was located. The H2 results (Table 3-7) indicated that the 
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estimates of LDMC were susceptible to error or environmental variance, which could 
explain the difficulties in identifying QTL for the traits of SLA and LDMC.      
Ear Traits 
In both the ideotypes (Figure 3-1), increases in ear size is a trait favoured for improving 
sink strength. In the PS1 field trial, EL and ECA both had a positive association with YE 
and YP. No QTL were identified for EL or ECA, despite the high H
2
 observed for EL. 
However, QTL have been identified for EL elsewhere. In a SHW mapping population, Yu 
et al. (2014) mapped 6 QTL for EL (on: 2D, 3A, 3B, 5A, 6B, 7D). Furthermore, Faris et 
al. (2014) found a QTL on 2A linked to EL in a tetraploid mapping population. The high 
H2 observed in the present study and the multiple QTL observed in other studies, may 
indicate high polygenetic control of the EL trait, which could have meant too many QTL 
were involved for detection through the CIM analysis in the present study. The low H2 
observed for ECA could be linked to the EW measurements, which was a difficult trait to 
measure in the field due to the complexity of the organ. A more accurate proxy for ECA 
needs to be developed, which would improve chances for QTL identification.  
Awn presence was not shown to be beneficial to overall grain yield in the majority of the 
SHW NILs (Chapter 2). However, in the PS1 field trial increases in AL were associated 
with higher EN, HI and YP; conflicting with the hypothesis that investment into awn 
development is of limited benefit in the absence of water-limitation. Two QTL were 
identified for AL, with the largest hit on chromosome 4A (Q3). As discussed in Chapter 
2, there is a known gene on the short arm of 4A that causes awn shortening and bending, 
called the Hd locus (Rao 1981). In a hexaploid RIL population, Yoshioka et al. (2017) 
identified three major QTL related to awn length which corresponded to the known 
inhibitor gene locus, including a QTL on 4A corresponding to the Hd locus located at 22 
cM and explaining 23.1% of the phenotypic variation. Furthermore, Sourdille et al. 
(2002) mapped two QTL relating to awn length which segregated with the Hd and B2 
genes. They found no QTL on 5A, suggesting parent lines (Courtot and Chinese Spring) 
had the same allelic constitution at the B1 gene. The B1 gene has been shown to inhibit 
awn presence in emmer and durum wheat (Goncharov et al. 2003). These findings 
indicate the PS1 tetraploid parents may possess the same allelic compositions at the B1 
and B2 locus, but vary at the Hd locus. The second QTL linked to AL was found on 
chromosome 2B, there is no evidence supported in literature where similar observations 
have been made. However, Ahmad et al. (2014) found marker-trait association located at 
66.4 cM on 2A. Furthermore, other studies have identified minor QTL controlling AL 
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outside of the known inhibitor gene locus (e.g. Zhang et al. 2018). Therefore, QTL were 
identified for AL which could be used to promote ear photosynthesis via selection for an 
increased ear surface area. However, these QTL will probably only be useful in MAS if 
breeding with awned material.  
Plant Traits  
Increased photosynthetic duration was hypothesised to be beneficial to grain yield in the 
‘well-watered’ ideotype. Supporting this hypothesis was the correlation between FLLONG 
and YE shown in Figure 3-10. No QTL were found for FLLONG despite moderately high 
H2 and significant variation between the parents (Table 3-7). In the PS1 field trial Tios 
had a significantly higher FLLONG than dic12b, a trend which was reversed in the 
glasshouse trial. This indicates that environment and gene interactions may have an 
important influence on the phenotypic variance, which is supported by the non-normal 
distribution of the phenotypic population frequencies in both environments, where some 
post-anthesis disease pressure caused lines to senescence early leading to inaccurate 
FLLONG measurements. Disease pressure, and other stress factors, can contribute to a 
decreased FLLONG (Carmo-Silva et al. 2017). However, QTL have been successfully 
identified in other studies using different proxies of the trait (e.g. Shi et al. 2017; Yue et 
al. 2006). An improved proxy needs to be established for FLLONG that can distinguish 
between disease and senescence. 
There was no effect of FT on any of the yield related traits in the PS1 field trial. It was 
hypothesised that an earlier flowering time would be most advantageous in a ‘water-
limited’ environment. The genetic control of FT in wheat is complex and controlled by 
three signalling pathways: vernalisation (Vrn genes), photoperiod response (Pdp) and 
earliness per se (Eps) (Cockram et al. 2007; Langer et al. 2014). In the case of spring 
sown wheat, such as the PS1 population, there is no vernalisation requirement (Cockram 
et al. 2007). Three genes located on the group 2 chromosomes have been identified and 
linked to photoperiod response: Ppd-A1, Ppd-B1 and Ppd-D1 (Kamran et al. 2014; Law 
et al. 1978). However, a photoperiod response gene has been mapped to the short arm of 
7B in hexaploid wheat, called Ppd-B2 (Khlestkina et al. 2009), this is located at the 
opposite end of the chromosome to Q9. Although, the physical location of the peak 
marker for Q9 was towards the start of chromosome 7B (Table 3-11). All genetic control 
of flowering time outside the pathways of Vrn and Pdp is termed ‘earliness per se’ (Eps) 
(Hoogendoorn 1985). A considerable number of ‘earliness per se’ QTL have been found 
in wheat (e.g. Kamran et al. 2013; Zikhali et al. 2014), suggesting more common 
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variability in genetic control than the other two pathways (Cockram et al. 2007). A QTL 
for ear heading date, detected over 12 environments, was also mapped to the short arm of 
chromosome 7B in durum wheat (Maccaferri et al. 2008) and heading date can be a trait 
closely associated with flowering time. In tetraploid wheat, Peng et al. (2003) used a 
tetraploid mapping population to identify four heading date QTL on chromosomes 2A, 
4B, 5A, and 6B, which would probably fall into the class of earliness per se. It is probable 
that Q9 is also a novel earliness per se QTL, which could be advantageous in ideotype 
breeding for environment adaptability, such as promoting earlier development to avoid 
drought.  
The remobilisation of assimilates to the developing grain is a trait favoured for selection 
in both ideotype environments. Grain yield and HI were suggested as suitable proxies for 
estimating assimilate remobilisation to the developing grain and are traits associated with 
the overall aim of crop improvement. In other studies, QTL have been found that are 
linked to yield component traits and overall grain yield in a tetraploid background 
(Maccaferri et al. 2008; Mangini et al. 2018; Peng et al. 2003). In the present study no 
QTL were found for YP or YE, but QTL were identified for EN (Q4) and HI (Q5). The 
parameter HI is the proportion of grain yield to biomass and at the locus of the Q5 
individuals with the AA genotype had significantly higher YP than individuals with the 
BB in genotype, whereas there was little evidence for variation in biomass. These trends 
suggests that, although no QTL were found for YP, variation in YP was linked to the HI 
QTL found on 5B. It has been argued that HI is almost optimal in modern wheat (Long 
et al. 2006; Parry et al. 2011; Richards 2000), suggesting this trait may already be fixed 
in a hexaploid background. However, if the QTL was linked to grain yield, it could be 
profitable in breeding programs, as tetraploid wheat landraces are a genetic reserve for 
improving yield components in modern varieties (Soriano et al. 2018). 
Ear number (EN) is largely determined by tiller production and survival, which are 
important components of canopy and yield development (Xie et al. 2016). In the Donald 
(1968) ideotype, it is argued that the model plant should only have a single main tiller to 
increase per unit area production. Decreasing tiller number has also been associated with 
increased FLLONG and HI (Richards 1988), which is supported by the negative association 
between EN and FLLONG in the present study. Alternatively, in the PS1 field trial, EN was 
associated with increased YP, suggesting the QTL found for EN could be used in selection 
for increased yield. However, yield components were considered on a singular plant basis, 
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and increased sowing density, typical of a farmer’s field or trial plot, may alter the 
environmental influence on the phenotype. 
3.4.2 Ideotype Trait Compensation.  
One of the difficulties in ideotype design and trait-based selection are the potential trade-
offs or compensations between characteristics (Donald 1968; Martre et al. 2015; 
Rasmusson 1991). This was apparent from a number of negative correlations observed in 
the PS1 field trial (Figure 3-10), such as between FLW and AL. Trade-offs with awn 
development were also observed in the SHW NIL analysis (Chapter 2). There were 
positive correlations reflecting assimilate investment into both the flag leaf and the ear, 
increases in FLA were linked to increases in ECA. This combination of large organ size is 
promising for breeding high yielding lines (Voldeng & Simpson 1967) and shows 
potential for trait-based selection for increased net photosynthesis by expanding 
photosynthetic surface area simultaneously in both organs.  
Alternatively, trait correlation may indicate genetic linkage between QTL associated with 
the phenotypic variation. There were QTL linked to FLW (Q1) and AL on 2B (Q2) located 
39 cM apart (Table 3-10), where the presence of the BB genotype was linked to higher 
AL but lower FLW. If limited segregation occurred in the offspring in these regions it could 
explain the negative correlation. To test this, phenotype data at each locus was separated 
into allele classes for these traits (data not shown), there were no significant differences 
between the homologous allele classes for FLW at the Q1 locus or AL at the Q2 locus, 
suggesting genetic linkage was unlikely. Furthermore, QTL linked to FLL and SD were 
located 14 cM apart and no significant associations were identified between these 
phenotypes. A number of significant associations were found between FT and other 
physiological markers (Figure 3-10). However, despite these significant correlations, no 
other QTL were identified on chromosome 7B (Table 3-10) suggesting that the link 
between other traits and FT, may be a result of physiological or developmental aspects. In 
a study by Bogard et al. (2011),  FT  was found to be an important determinant of FLLONG, 
grain yield and grain protein content. A useful tool in unpicking potential trait 
compensations could be MAS, which can provide an accurate method for trait selection, 
although this is dependent on identifying reliable genetic and trait associations.     
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3.4.3 Transgressive Segregation, Heritability and Environmental Stability.  
A considerable amount of transgressive segregation was observed for the majority of 
physiological markers measured in the PS1 field trial, indicating the presence of 
complementary alleles inherited in the progeny from both parents (Tanksley, 1993). 
Alleles with positive effects were present in each parent for these traits (Hussain et al. 
2017). This cobination of complementary alleles, leading to progeny with extreme 
phenotypes, would be useful for trait specific ideotype selection. For the physiological 
markers EL and ECA, transgressive segregation only occurred outside the range of dic12b 
(Figure 3-9), suggesting the presence of few genes and that only positive alleles were 
contributed from Tios (Sourdille et al. 2002).  
In the PS1 field trial, high H2 was observed for the traits AL, EL, SD and SLA. In other 
studies high heritability has also been observed for AL, EL and SD (Bhagwat & Bhatia 
1993; Ebadi-Segherloo et al. 2016). For SLA, lower H2 seems to be more commonly 
observed. For example, de Miguel et al. (2012) observed H2 for SLA in Pinus pinaster 
ranging from 0.14 to 0.27 across different watering regimes. In the present study, 
considerably lower H2 was observed for the other dry matter analysis traits (RWC and 
LDMC, Table 3-7).  
The traits LDMC, RWC, ECA and FLA appeared to have negative H
2 in the PS1 field trial. 
The trait LDMC also had a negative H2 in the glasshouse. The negative H2 occurred where 
the environmental variance (Ve: estimated from the replicated parents) was larger than the 
phenotypic variance (Vp: estimated from variance across the PS1 individuals for each 
trait), leading to a negative genetic variance estimate (Vg). This occurred most frequently 
in traits where there was little evidence of significant variation between the parents, but 
S.D of each parents mean was high (Table 3-4). However, for ECA there is strong evidence 
of significant variation between the parents, meaning there must have been genetic 
variation that was not detected to the same degree in the population. Negative H2 is 
biologically impossible and is often linked to sampling error (Robinson et al. 1955), 
leading to a lowered bias heritability (Steinsaltz et al. 2018). Although interpretations are 
limited from negative heritability calculations, they should still be reported (Dudley & 
Moll 1969). It could be argued that negative estimates of heritability are considered close 
to 0 (Gusmini & Wehner 2007). For the estimate of Ve, the small sample size (n = 8 per 
parent) would have increased susceptibility to anomalies or measurement error. The 
physiological markers where H2 appeared negative were often calculated from formulas 
involving several traits, which increases the chance of errors influencing the overall 
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estimate. More parent replicates were included in the PS1 glasshouse trial, which could 
explain the higher abundance of positive H2 estimates, as the impact of outlying data 
points would have been reduced.   
For the traits measured in both the PS1 field trial and the PS1 glasshouse trial, no QTL 
were identified consistently across the environments. For the PS1 individuals measured 
over both environments, significant correlation was only found in 4 out of the 8 traits. No 
correlation was found for SLA, LDMC, RWC and FLLONG, which is another indicator of 
low heritability and traits which were strongly influenced by environmental conditions. 
Different growing conditions and environmental pressures are often observed between 
glasshouse and the field, which can influence results (Limpens et al. 2012; Poorter et al. 
2016). In an effort to mimic conditions across both environments, both trials were 
irrigated and fertilised. However, despite the supplementary lighting, the plants were 
grown over the winter in the PS1 glasshouse trial at considerably lower light levels. 
3.4.4 Prospects for MAS.  
The use of MAS has been important for transferring wild genes from exotic sources into 
crops (Nadeem et al. 2017). However, difficulties may arise with the direct use of the 
marker-trait associations, identified in this study, for the introgression of tetraploid 
diversity into a hexaploid background via MAS. Markers should typically be within 5 cM 
of the target loci, but poor accuracy in QTL mapping often leads to larger confidence 
intervals (Collard & Mackill 2008). In the present study, the -1 LOD support intervals 
were mostly larger than 5 cM (excluding Q3 and Q5), suggesting the accuracy of the QTL 
mapping may be uncertain. Furthermore, the assumption would have to be made that 
linkage between the markers and QTL would not break down during the introgression 
and future generations. Recombination typically occurs between loosely linked markers 
leading to unusable assays (Sharp et al. 2001), which adds further uncertainty to the direct 
application of the marker-trait associations.    
Before direct application could be made using the results in this chapter, a marker 
validation step would be necessary. Secondly, if the identified desirable alleles linked to 
targeted traits are already fixed in a modern cultivar background, there would be little 
profit in the effort of making introgressions. However, some of the peak markers at each 
loci had very low published MAF (Table 3-11), suggesting that part of the diversity 
identified in the PS1 population could be rare in the bread wheat genepool. Using the 
genotype data, PS1 individuals could be identified with the greatest combination of 
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favourable alleles for each ideotype. These lines then could be backcrossed to a hexaploid 
cultivar with the highest frequency of complementary poor alleles. The resource of 
‘CerealsDB’ (see: Wilkinson et al. 2012) would be useful in identifying these hexaploid 
cultivars. In the subsequent generations, physiological and genetic markers linked to each 
QTL would be screened over the different ideotype environments. The flanking markers 
for each support interval, identified in Table 3-10, would be used to increase precision, 
ensuring the trait is introgressed as part of a defined interval surrounding the QTL rather 
than just one marker linked to the QTL (Collard & Mackill 2008). If the alleles vary as 
predicted with each targeted trait, this would validate the accuracy of the markers for 
MAS and whether trait improvement is possible in a hexaploid background via tetraploid 
diversity. If the alleles do not vary as expected in conjunction with the physiological 
markers, further field trials may be needed to test the environmental stability of the 
existing identified QTL or to identify more reliable marker-trait associations.  
3.5 Conclusion  
In a novel tetraploid mapping population, candidate QTL and marker-trait associations 
have been identified for 8 physiological markers that were suggested for indirect selection 
for complex targeted traits relating to proposed ideotypes. The marker-trait associations 
could be developed for MAS, to aid the introgression of diversity from a tetraploid source 
into modern wheat for trait improvement. However, further work is needed to validate 
the reliability of these marker-trait associations. Additionally, the ideotype was only 
tested in a ‘well-watered’ environment, further analysis is needed to validate the 
relationship between ideotype traits and yield components in a ‘water-limited’ 
environment.  
This study has identified genetic diversity for range of traits in two T. dicoccum landraces, 
but may have missed potential diversity capable of improving modern wheat that is 
monomorphic in a tetraploid background. Further crosses between tetraploid and 
hexaploid parents could identify diversity lost through domestication, especially if some 
of the T. dicoccoides lines with high photosynthetic rates (identified in Chapter 1) are 
used as parents.  
Chapter Findings Summary.  
1. Two ideotypes were outlined that combine a favourable combination of complex 
traits for two different environments. Based on the findings in the first two 
chapters and evidence in literature, a collection of physiological markers were 
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proposed that could be used for secondary selection for the complex ideotype 
traits.  
2. A novel T. dicoccum mapping population was created between two landraces that 
showed variation for the physiological markers of interest. The new population, 
and parents, were phenotyped in two trials for these physiological markers. 
Associations were found between yield components and physiological markers 
that were suggested to be important within a well-watered environment (e.g. grain 
yield and ear size or flag leaf thickness).    
3. The population was genotyped and a new genetic linkage map was created using 
1779 single nucleotide polymorphisms (SNPs). Using this map, composite 
interval mapping was completed to identify 11 candidate QTL for 8 physiological 
markers located across 5 different chromosomes. However, for the physiological 
markers measured across both environments, no QTL were consistently 
identified. 
4. Another round of QTL mapping needs to be completed in future analysis, to assess 
the accuracy of these candidate marker-trait associations.        
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4 GENERAL DISCUSSION AND 
CONCLUSION.  
4.1.1 Conclusion.  
This project has evaluated the potential of tetraploid wheat as a source of photosynthetic 
improvement in modern wheat cultivars. The data presented in the Chapter 1 2016 field 
trial illustrates the high assimilation rates observed in these progenitor species; if the 
bread wheat line ‘Paragon’ possessed the ability to generate the same mean per unit CO2 
assimilation (A) observed in the T. dicoccoides ‘dic71’, a 35% increase in flag leaf CO2 
assimilation per leaf would be achieved. Subsequent analysis of the introgressed offspring 
lines in Chapter 1 highlighted a key problem in harnessing this diversity. If T. dicoccoides 
lines are to be used successfully as donors for improvement, the observed depression of 
A associated with increased leaf area needs to be addressed. Other studies have also 
observed this compensation across the wheat ploidy continuum (Austin et al. 1982; del 
Blanco et al. 2000; Evans & Dunstone 1970). There are two questions to explore in order 
to address the compensation. Firstly, has A rate been inadvertently depressed through 
domestication due to selection for other favourable characteristics? Secondly, is there a 
fundamental physiological trade-off, imposing a barrier in incorporating higher A across 
an extended photosynthetic area?  
In the present study, there was greater evidence supporting the second hypothesis. Since 
the initial reports of high photosynthetic rates in progenitor lines (e.g. Dunstone et al. 
1973; Evans & Dunstone 1970; Khan & Tsunoda 1970), the increased accessibility of 
tools for dissecting the components of leaf A have provided techniques to lay open the 
individual mechanisms linked to this trade-off, and to some degree this was achieved in 
the present study. Other authors have highlighted that a larger leaf may lead to a reduction 
in photosynthetic investment per unit area (e.g. Long et al. 2006), which may be linked 
to a dilution per unit leaf N content (Khan & Tsunoda 1970). However, evidence from 
Chapter 1 highlighted that the diluted investment into the components of photosynthetic 
supply imposed the greatest limitation on A, evident from the Δ13C and gas-exchange 
results. The smaller flag leaf area in the progenitor T. dicoccoides reflected increased 
investment into photosynthetic supply components per unit area (such as stomatal 
density), a less densely packed mesophyll and higher per unit water expenditure; features 
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that fuelled higher gs and gm. These characteristics were reduced within the cultivated 
lines with larger flag leaf area, which poses the question: can this high per unit water 
expenditure linked to productive photosynthetic supply be maintained over a larger 
surface area? In the hypothetical example above of a leaf with the area of observed in 
‘Paragon’ but with the mean A of ‘dic71’, the leaf would possess a 31% higher 
transpiration rate than the mean observed in ‘Paragon’. In a ‘well-watered’ environment 
selection for increased CO2 supply is favoured, as discussed in Chapter 3. However, 
increasing transpiration loss could be detrimental to crop improvement in a ‘water-
limited’ environment.  
The next direction of investigation should be to assess if this higher per unit investment 
into CO2 supply could be incorporated into a larger flag leaf, whilst utilising the diversity 
available in the T. dicoccoides identified in this study. This is where marker assisted 
selection could be implemented for more accurate selection in breeding populations to 
maintain high photosynthetic supply whilst sustaining a large leaf area. In Chapter 3, 
different QTL were identified that were linked to photosynthetic supply components and 
leaf area traits in a tetraploid background. These QTL may hold potential for marker 
assisted pre-breeding, but further work is needed to determine the accuracy of the marker-
trait associations. Ultimately, if the physiological mechanics of the trade-off between leaf 
area and A can be broken down using the phenotypic or genetic assays developed in this 
study, T. dicoccoides can be used as donors for photosynthetic improvement in modern 
wheat in a ‘well-watered’ environment.  
Despite the high productivity shown on a per unit leaf basis in T. dicoccoides, when 
considered on a per organ leaf basis; the T. dicoccoides individuals had both considerably 
lower transpiration loss and CO2 assimilation per leaf, coupled with an extensive 
investment into awn structure. This evolutionary development for investment into 
reproductive structure photosynthesis and the organ with the higher drought tolerance 
(Ding et al. 2017; Li et al. 2017), reflects adaptation to the more water limited 
environment of the progenitor’s origin and is a promising source of diversity for forming 
the ‘water-limited’ ideotype outlined in Chapter 3. However, in Chapter 2 this study 
evaluated the potential benefits relating to the presence of awns within the ‘well-watered’ 
environment of the UK and found there was no substantial advantages to awn presence. 
As with the analysis in Chapter 1, if these trials were repeated under a ‘water-limited’ 
environment, the findings may show an advantage and indicate whether T. dicoccoides 
should be used as a resource for increasing investment into ear photosynthesis.  
Chapter 4: General Discussion and Conclusion. 
Tally Wright – September 2018   211 
The present study has used conventional breeding techniques; no avenues of genetically 
modified organisms were explored. While conventional breeding techniques shaped the 
first green revolution, genetically modified crops may hold the key to major future 
advancements in yield (Basu et al. 2010). Rather than replacing the techniques of the 
present study, this technology would complement and advance the prospects of expanding 
the modern wheat genepool. As shown in Chapter 1, one of the major limitations of 
crosses with wild wheat is the unintentional linkage drag of undesirable genes. Genetic 
modification could increase the accuracy of introgression and thus suppress one of the 
major drawbacks in harnessing diversity from wild wheat.   
4.1.2 Study Limitations, Future Work and Plans for Moving Forward.  
It became evident early on in the project that the progenitor lines showed a greater degree 
of stress when grown in the light-limited conditions of the glasshouse compared to the 
modern varieties. This posed limitations on the number of experiments that could be 
completed on plants at maturity, as all experiments had to be conducted in field trials. 
However, conducting the measurements in the field meant observations were made within 
a more relevant environment to conditions used in breeding programs, and ultimately the 
farmer’s field. The drawback of the field environment was an increase in abiotic and 
biotic stresses and at times limitations imposed by space restrictions; particularly evident 
in the 2016 field trial of Chapter 1. Within a nitrogen rich environment, lodging was a 
risk with the tetraploid lines; plants required individual staking with bamboo support. For 
some of the progenitor individuals seed stocks were limited. These factors restricted the 
scale of the field trials and the majority of measurements were completed on replicated 
single plants within large plots, rather than using replicated plots of individuals.  
Germination inconsistency was a problem throughout the project, evident from the missed 
target of 200 individuals in the PS1 population and the poor germination success when 
direct sowing was used in the 2017 field trial in Chapter 3. It was for these reasons that 
plants were transplanted into the field as seedlings, after artificial vernalisation was used 
to standardise vernalisation requirements. Ultimately, there are limitations imposed by 
any field study, but measuring the true performance of the plants in a relevant 
environment is worth the cost.     
This project has covered a broad array of different traits and components linked to wheat 
photosynthesis, using a comprehensive range of different physiological and genetic 
assays. There are substantial directions for further work to support the hypotheses, 
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conclusions and answer questions raised through the project. Some of the most pressing 
are listed below:                    
1. In every chapter of this project, analyses were completed within the conditions of the 
UK; a ‘well-watered’ environment. Future work is needed to test the hypotheses in a 
‘water-limited’ environment and to weigh the potential drought tolerance advantage 
of awns.  
2. If increases in leaf area are associated with limitations to per unit photosynthetic 
supply components, there may be an evaporative boundary linked to the variation 
observed across wheat ploidy. Investigation into anatomical aspects of flag leaf water 
supply in T. dicoccoides could pinpoint features to overcome these evaporative limits. 
Austin et al. (1982) observed a higher vein density in flag leaves of progenitor wheat 
(including T. dicoccoides) in comparison to modern cultivars, which may be 
indicative of improved leaf hydraulic conductance and thus a higher per unit water 
expenditure. Conversely, stem shortening through the ‘green revolution’ may have 
already improved hydraulic continuity to some degree in modern cultivars (Raven & 
Griffiths, 2015). Further investigation into traits linked to anatomical leaf water 
supply could shed light on the observed trade-off between leaf area and A. 
3. Stable natural isotope partitioning could be used as a tool for deciphering the 
contribution of the ear, awns and flag leaf to remobilising photo-assimilates to grain 
filling (Raven & Griffiths 2015). This would involve pulse labelling different 
photosynthetic organs (ears and flag leaves) of the near isogenic lines from Chapter 2 
with an artificially enriched label of the heavier C and N isotopes (13C and 15N). On 
organs of different plants, this pulse label could be applied as a urea solution or fed 
as a gas to a closed chamber containing each organ. Half of the labelled organs would 
be harvested 24 hours later to provide a baseline of how much label was absorbed by 
the plant. Once the remaining plants are fully mature, the grain 13C and 15N isotope 
compositions would be informative of which organ had made the largest contribution 
of remobilising assimilates to the developing grain. There is an ongoing collaboration 
between the UK and India exploring these techniques (The Cambridge-India Network 
in Translational Nitrogen, www.niab.com/cintrin).      
4. When breeding for improvements in leaf photosynthesis the conditions of the crop 
canopy should be taken into consideration (Horton 2000). The interactions of leaves 
within a canopy and the competition of neighbouring plants, were not taken into 
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consideration within this project and there may be an additional trade-off associated 
with canopy shading that was not analysed.  
5. As discussed in Chapter 3, the candidate QTL and marker-trait associations need to 
be validated in a second year of field trials. Additionally, in forming a mapping 
population between two T. dicoccum accessions, diversity may have been lost through 
domestication that is present in T. dicoccoides. Forming mapping populations with 
the T. dicoccoides accessions of Chapter 1 and cultivated lines with a lower A, may 
be a more direct approach for identifying marker-trait associations with the desirable 
photosynthetic traits observed in the wild progenitors.         
4.1.3 Closing remark. 
This project has been a revisited exploration into the photosynthetic diversity in tetraploid 
progenitor wheat, using a diverse range of modern techniques to identify some of the 
underlying mechanisms driving the photosynthetic diversity across ploidy. Donors of 
beneficial diversity, genetic markers linked to this diversity and key road blocks in 
accessing that diversity were all identified. Overall, the project has made a contribution 
towards addressing the bottlenecks in increasing photosynthesis and expanding genetic 
diversity in modern bread wheat varieties.  
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APPENDIX 1: CONTROL AND METHODOLOGY VALIDATION 
(CHAPTER 1 - IDENTIFYING DESIRABLE FLAG LEAF 
PHOTOSYNTHETIC TRAITS IN PROGENITOR 
SPECIES. 
The 2016 field trial (field vs. laboratory measurement analysis).   
On the 6th of July, during the 2016 field trial (Chapter 1), a comparison was completed to 
test for variation between measurements made in the field and those made in the 
laboratory after cutting the tillers. Five Paragon plants from the buffer rows were selected 
at the start of anthesis (around GS61). Measurements were completed using a LI-COR-
6400XT with a Leaf Chamber Fluorometer (LCF), chamber conditions were: leaf fan set 
to fast, gas flow rate set to 300 µmol s-1, block temperature was controlled at 25 ⁰C, a 
photosynthetic photon flux density (PPFD) of 1500 μmol m–2 s–1 and a CO2 reference of 
400 µmol mol-1 was set. Relative humidity was controlled at 60 ± 5%. On flag leaves of 
each plant, measurements were taken in the field, then the same leaves were individually 
measured back in the laboratory using the tiller cutting technique and the same LI-COR 
conditions. Before each measurement was taken, plants were left to acclimatise until A 
and gs had stabilised. It should be noted that the plants took longer to acclimatise in the 
laboratory than the field.  Measurements were completed between 10:00 and 15:00. A 
paired t-test was used in RStudio to identify potential significant differences. No 
significant difference was observed between A in the field and the laboratory (field: mean 
= 23.9 µmol CO2 m
-2 s-1 and S.D = 3.0, laboratory: 22.4 and S.D = 0.88); t (4) = 1.23, P 
= 0.29. Furthermore, no significant difference was observed between gs in the field and 
the laboratory (Field: mean = 0.26 mol H2O m
-2 s-1, S.D = 0.05 and Laboratory: 0.25, S.D 
= 0.03); t (4) = 0.57, P = 0.60. 
Light Curves 2016 field trial.  
Light curves of flag leaves from Robigus (GS53) and Paragon (GS61) were completed 
using the same LI-COR setup as Chapter 1, to determine a near-saturating PPFD to 
complete A/Ci curves at and insure light intensity was not a limiting factor during the 
measurements: 
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Figure 6-1 - Light response curves from the 2016 field trial of Chapter 1, where A was plotted against 
a range of light intensities. The plot was used to determine a near-saturating PPFD intensity to 
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APPENDIX 2: CONTROL AND METHODOLOGY VALIDATION 
(CHAPTER 2 - THE PHOTOSYNTHETIC 
CONTRIBUTION OF AWNS). 
 NILs field trial (Chamber acclimatisation). 
Acclimatisation logs were made on the 22nd of May 2017 on the main tillers of a pair of 
SHW NILs (Pair 1) at GS59. Logs were recorded every 10 seconds after the organ had 
been placed in the LI-COR CC, until A and gs had stabilised. From these plots it was clear 














Figure 6-2 - Acclimatisation logs of WISH-18 and 19 (Pair 1) showing organ photosynthesis and 
respiration chamber responses. Logs were taken during the NILs field trial using a LI-COR CC. 
Logs were recorded every 10 seconds from when the organ was enclosed in chamber, until A and gs 
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APPENDIX 3: CONTROL AND METHODOLOGY VALIDATION 
(CHAPTER 3 - IDEOTYPE FORMATION AND QTL 
MAPPING.  
FLA estimation  
The accuracy of the FLA estimation method was compared to the more time consuming 
method of measuring FLA through image analysis using ImageJ (V - 1.51) and showed 
strong positive correlation; linear regression was used to identify a significant model (F 
(1, 4) = 133.3, P = < 0.001)  with an adjusted R2 of  = 0.96.   
 
Figure 6-3 - Two methods for estimating Flag Leaf Area (FLA).  ‘FLA estimation’ was calculated using 
the Teare & Peterson (1971) equation and ‘FLA Imaged Area’ was calculated from the same leaves 
using image analysis in ImageJ. The six flag leaves were taken from glasshouse grown dic12b lines at 
anthesis.  
Grain yield proxy.  
A validation test for using 3 ears to estimate overall grain yield per plant (YP) is shown 
Figure 6-4, where the remaining ears from 10 PS1 individuals were threshed and weighed. 
Linear regression was used to test the relationship between the estimated YP and the 
actual measured YP, a significant model was found (F (1, 8) = 60.0, P = < 0.001), with 
an adjusted R2 of 0.85: indicating the estimation method was a suitable proxy.     
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Figure 6-4 – A comparison using 10 PS1 individuals to show if estimating grain yield of 
plants in the 2017 PS1 field trial is a valid proxy for actual grain yield. ‘Estimated grain 
yield’ was determined by threshing only three ears to calculate an average seed number 
per ear and then multiplying this by ear number. For ‘measured grain yield’, all ears were 
threshed for each plant and a total seed weight was taken.    
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APPENDIX 4: ADDITIONAL MATERIAL. 
Growth stage guide.  
Table 6-1 - The ‘Zadoks decimal code’ for growth stages used in this study. Adapted from Zadoks et 
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Table 6-2 - Flowering time (FT), flag leaf longevity (FLLONG), awn length (AL) and calculated ear area 
(ECA) from the 2017 field trial of Chapter 1. The collection includes the tetraploid parents, hexaploid 
parents and the offspring individuals. Measured using the same methodology as described in Chapter 
3 for each trait.  
Line Name FT FLLONG AL ECA 
  Mean S.D Mean S.D Mean S.D Mean S.D 
31_07K 69.3 0.5 34.3 3.9 4.6 1.0 48.6 4.2 
31_07L 65.5 2.6 41.0 3.6 1.2 0.4 61.0 6.3 
31_12K 69.0 0.8 37.5 1.0 1.6 0.3 75.5 6.2 
32_16E 65.0 0.0 37.5 1.0 7.2 0.3 47.1 2.4 
32_21C 63.8 1.5 35.8 2.6 0.6 0.1 49.9 4.8 
32_23D 65.5 1.7 34.5 2.1 8.6 0.9 39.5 4.5 
32_23E 68.3 1.5 32.8 3.0 1.4 0.6 45.9 3.2 
32_23G 66.3 1.3 19.0 1.4 5.1 1.3 46.1 7.0 
32_23I 65.0 0.8 36.3 2.2 8.3 0.3 43.3 2.5 
dic12b 68.8 0.5 26.3 1.7 9.1 0.4 27.3 2.8 
dic71 63.8 1.0 22.3 2.6 15.1 0.9 23.7 6.1 
dic72 64.3 0.5 22.0 2.9 14.1 2.0 25.8 2.6 
Paragon 69.0 0.0 38.8 1.0 0.8 0.3 65.6 3.7 
Robigus 70.3 1.5 40.3 2.2 1.0 0.1 55.8 3.0 
Tios 77.0 0.0 27.8 2.1 5.4 0.5 60.6 3.8 
Trait units: FT = Days from sowing to flowering; FLLONG = Days from flowering to 80% senescence; AL = cm; ECA = 
cm2.  
 
Capturing Photosynthetic Traits from the Progenitors of Wheat. 
256  Tally Wright – September 2018 
APPENDIX 5: TRIAL WEATHER CONDITIONS. 
Table 6-3 – Weather conditions for the 2016 field trial period. Data were taken from the NIAB, 
Cambridge Met Office weather station (https://www.metoffice.gov.uk). The average values shown 
reflect the maximum and minimum temperature and daily precipitation over the entire trial period.  
Date 
24 hour max 
temperature 
( °C ) 
24 hour min 
temperature.  




05/06/2016 20.1 9.9 0 
06/06/2016 24 6.9 0 
07/06/2016 24.8 9.1 0 
08/06/2016 22.3 14.8 0 
09/06/2016 22 10.1 0 
10/06/2016 23 10.8 0 
11/06/2016 21.3 12.6 0 
12/06/2016 19.2 14.7 NA 
13/06/2016 17.9 14.3 NA 
14/06/2016 19.6 12.9 NA 
15/06/2016 21.2 10.3 NA 
16/06/2016 18.4 10.7 NA 
17/06/2016 17.6 12.3 NA 
18/06/2016 16.6 11.4 NA 
19/06/2016 20.6 10.7 NA 
20/06/2016 21.6 15 NA 
21/06/2016 20.9 12.9 0 
22/06/2016 21.7 13.2 2.8 
23/06/2016 23.1 15.5 13.6 
24/06/2016 21.5 12.7 6.2 
25/06/2016 19.6 9.5 0.6 
26/06/2016 20.6 11.1 1 
27/06/2016 19.8 13.5 0 
28/06/2016 20.2 7.8 3 
29/06/2016 17.8 10.2 2 
30/06/2016 21.4 10.7 0.8 
01/07/2016 19.6 14.6 0 
02/07/2016 19.1 9.3 1 
03/07/2016 21 9.7 0 
04/07/2016 22.4 7.9 0 
05/07/2016 20.6 14.2 0 
06/07/2016 20.5 7.9 0 
07/07/2016 21.6 12.7 0.2 
08/07/2016 23.7 14.4 0 
09/07/2016 23.4 14.2 0 
10/07/2016 22.7 16.8 0.2 
11/07/2016 22.2 14.4 0 
Average  20.91 11.88 1.12 
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Table 6-4 - Weather conditions for the 2017 field trial period. Data were taken from the NIAB, 
Cambridge Met Office weather station (https://www.metoffice.gov.uk). The average values shown 
reflect the maximum and minimum temperature and daily precipitation over the 5 days of May 
shown and the whole of June and July.  
Date 
24 hour  
Max temperature 
( °C ) 
24 hour  
Min temperature.  




27/05/2017 26.1 12.2 0.2 
28/05/2017 22.7 10.9 5.6 
29/05/2017 19.9 14.2 1.6 
30/05/2017 20.1 14.6 0 
31/05/2017 21.9 12.7 0 
Average 
(May) 22.14 12.92 1.48 
01/06/2017 24.3 13.3 0 
02/06/2017 23 11.6 7 
03/06/2017 19.6 13.7 0 
04/06/2017 18.5 9.1 0 
05/06/2017 18.8 10.6 3.2 
06/06/2017 14.9 10.3 14.2 
07/06/2017 18.1 10.1 1.2 
08/06/2017 18.1 11.7 0.2 
09/06/2017 20.5 11.3 0.2 
10/06/2017 24.3 12.3 0 
11/06/2017 22.5 16.4 0 
12/06/2017 18.8 10.8 0 
13/06/2017 21.7 10.2 0 
14/06/2017 24.8 12.3 0 
15/06/2017 22.7 12.1 0 
16/06/2017 22.3 11.5 0 
17/06/2017 28 15.2 0 
18/06/2017 30.1 14.4 0 
19/06/2017 30.8 16.5 0 
20/06/2017 29 16 0 
21/06/2017 30.1 13.2 0 
22/06/2017 21.4 17.6 0 
23/06/2017 20.7 12 0 
24/06/2017 24 16.9 0 
25/06/2017 21.2 13.8 0 
26/06/2017 20.6 7.8 0 
27/06/2017 17.5 13.7 NA 
28/06/2017 14.4 13.4 NA 
29/06/2017 17.2 11.1 0 
30/06/2017 19.4 9.2 0.2 
Average 
(June) 21.91 12.60333333 0.935714286 
Table continued on next page.  
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01/07/2017 21.3 13.5 0 
02/07/2017 21.4 13.5 0 
03/07/2017 23.40 11.70 0.00 
04/07/2017 22.9 11.8 0 
05/07/2017 25.7 11.6 0 
06/07/2017 26.4 14.5 11.6 
07/07/2017 25.6 15.9 0 
08/07/2017 23.4 15.9 0 
09/07/2017 25.9 14.5 0 
10/07/2017 23.2 15.8 0.4 
11/07/2017 19.5 13.1 14.2 
12/07/2017 19.1 13.4 0 
13/07/2017 21.3 8.4 0 
14/07/2017 19 13.8 0 
15/07/2017 21.9 12.1 0.2 
16/07/2017 22.9 15.9 2.4 
17/07/2017 24.8 9.3 0 
18/07/2017 25.6 13.9 10.8 
19/07/2017 23.8 16 5.4 
20/07/2017 19.8 15.6 0 
21/07/2017 22.7 10.7 3.2 
22/07/2017 20.2 13.3 4.4 
23/07/2017 18.9 11.8 14.4 
24/07/2017 15.4 12.7 2.2 
25/07/2017 21.4 13.1 0 
26/07/2017 22.6 13.7 1 
27/07/2017 21.1 12.2 2.2 
28/07/2017 21.5 13 1.4 
29/07/2017 20.5 13.8 20 
30/07/2017 21.4 13.2 1 
31/07/2017 22.5 11.6 0 
Average 
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APPENDIX 6: PROJECT CONTRIBUTORS.  
 
1. With guidance from Dr. Fiona Leigh, I selected the lines included in Chapter 1 
based on: glasshouse work conducted by Angie White and Fiona Leigh 
(unpublished), preliminary analysis that I had completed at the start of the project 
and the availability of diverse material in ongoing research projects at NIAB.     
 
2. The majority of the crossing and parent selection to form the PS1 population was 
conducted by Dr. Fiona Leigh. However, I assisted with some of the pollinations 
and sowed the seed for the plants. After the initial crosses, I was responsible for 
advancing the population. Sophie Bates and Maxime Kadner assisted with some 
of the generation advancement sample processing.     
 
3. Dr. Phil Howell created, selected and provided the WISH SHW material. Dr. Phil 
Howell and Dr. Fiona Leigh provided the genotype data for Chapter 2. I selected 
the lines included in the ploidy field trial (dic71, dic72, Paragon and Robigus), 
based on observations in Chapter 1.   
 
4. Maxime Kadner assisted with the 2017 field trial phenotyping and sample 
processing (Chapter 1 and 3).  
 
5. Emma Deeks assisted with some of the threshing and microscope slide analysis 
of Chapter 1 and 3.  
 
6. The KWS (Thriplow, UK) Research and Development team grew and 
mechanically harvested the field material in Chapter 2.  
 
7. The yield in Chapter 2 (excluding the 2017 NILs field trial) was provided by the 
WISH project. The WISH project was supported by the BBSRC Follow-On Fund, 
(BB/K020269/1) and the plant breeders KWS UK Ltd, Limagrain UK Ltd and 
RAGT Seeds Ltd.  
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8. Material studied in this program was developed in the BBSRC funded projects 
WISP (Wheat Improvement Strategic Program), DFW (Designing Future Wheat) 
and WISH (Wheat Improvement from Synthetic Hexaploids). 
